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ABSTRACT
Recent interest in investigating the chemical interactions that
occur at n e w materials, such as conducting polymers, has been limited by
the few suitable in-situ characterization techniques that are available. The
primary objective of this thesis was to address this deficiency by using
existing, and developing new, techniques to investigate the chemical
properties of polypyrrole and polyaniline. The two main techniques used
were Wilhelmy's plate technique and inverse thin layer chromatography.
Wilhelmy's plate technique measures dynamic contact angles
and was useful for comparing the total interaction that occurs between the
conducting polymer interface and water. Information on the wettability of
the polymer surface and the adhesion of water at the interface was
obtained by comparing the advancing and receding contact angle values,
respectively, for polymers that had been prepared under various
conditions. Polypyrrole proved to give the most interesting results, with
the effects of the addition of different functional groups to the monomer,
of using different substrates, of the substrate pretreatment methods, of the
counterion species incorporated into the polymer and of the
electrochemical polymerization methods on the properties of the polymer
interface being studied. Observations were also m a d e on the operational
and interpretative aspects of the technique.
Inverse thin layer chromatography with conducting polymer
stationary phases was developed. Electrochemically deposited polyaniline
was found to be the most appropriate and was used in a detailed study. A
method for detecting the presence of amino acids, which were used as
molecular probes because they undergo a variety of chemical interactions,
was also developed in this project. Inverse chromatography enables the
relative strengths of different chemical interactions to be measured by
comparing the retention of the molecular probe species. This indicates

any inherent selectivities that the polymer m a y possess. A range of mobile
phases were also used in order to investigate the change in the chemical
interactions under varying conditions. Anion exchange interactions were
found to be the strongest on the polyaniline.
Inverse thin layer chromatography was also used with an
electrochemical chromatography approach in order to determine the
effect of applying a potential on the chemical properties of polyaniline. A
very interesting result was observed in which the anion exchange
properties of polyaniline were found to decrease in strength with the
application of a reducing potential, and increase in strength with the
application of an oxidizing potential, in a manner that was close to being
linear with the applied potential. A mechanism for this was proposed in
which the density of positive sites on the polyaniline backbone varied with
the applied potential as a result of the combination of unusual features of
the electrochemical cell and the restriction of counterion movement
through the inner layer of polyaniline.
Molecular imprinting was also investigated, with polypyrrole
as the test material. N o direct evidence was able to be obtained for the
occurrence of this interaction. A number of techniques for characterizing
this interaction were used and reasons w h y they were unsuccessful were
suggested. Inverse high performance liquid chromatography was
proposed as the most suitable method and an experimental approach was
outlined, based upon the molecular probe approach.
Overall, the results presented in this thesis have provided a
useful foundation for further investigations into the in-situ
characterization of chemical interactions that occur on conducting
polymers. This work, and that which follows it, will benefit the
development of applications that m a k e use of conducting polymers which
seem destined to play an important part in m a n y n e w technologies.
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aq aqueous
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BAS BioAnalytical Systems
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C+/C- counterion
°C degrees celcius
CEMP 3-carbethoxy-4-methylpyrrole
CF carbon foil
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CMP 3-carboxy-4-methylpyrrole
cv cyclic voltammogram
d depth of immersion
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E electrochemical step in polymerization mechanism
Eg band energy gap
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Fg force due to gravity
Fw Wetting force

g

grams (units)

9 gravity
(g) gaseous phase
GC glassy carbon
HPLC

high performance liquid chromatography

L litres
LR laboratory-grade reagent
Iv liquid-vapour
m mass
M molar
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mC millicoulombs
min minutes
ml_ millilitres
mm millimetres
mV millivolts
p perimeter
PAR Princeton Applied Research
PSACV

phase selective alternating current voltammetry

r distance
Rf retention parameter for thin layer chromatography
RVC reticulated vitreous carbon
s seconds
SEM scanning electron micrograph

si

solid-liquid

sol'n solution
sv solid-vapour
TBAP

tetrabutylammonium perchlorate

TLC thin layer chromatography
V volts
W weight
urn micrometres
u.L microlitres
Q ohms
%v/w percentage volume by weight
%w/w percentage weight by weight
p density
7 surface tension
0 contact angle
6a advancing contact angle
9e equilibrium contact angle
Or receding contact angle
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CHAPTER 1

1 GENERAL INTRODUCTION TO CONDUCTING
POLYMER SCIENCE
1.1 BACKGROUND
Historians have named the various ages of the h u m a n race's
progress after those materials that were responsible for producing
monumental changes to the societies of our ancestors, for example, the
Stone Age, the Bronze A g e and the Iron Age. If this practice were to
continue, it seems likely that the textbooks of our descendants will refer to
the twentieth century as the beginning of the Polymer Age 7 .
There can be no denying the tremendous impact that the
widespread use of polymer materials has had on our society. Polymer
science has progressed from humble beginnings, where the materials were
prepared by methods more akin to alchemy than chemistry, to its current
level of sophistication in which 'molecular engineering' techniques enable
polymer materials to be manufactured according to predetermined
specifications2. A comprehensive understanding of the relation between the
structure and the properties of polymers has enabled modern molecular
'architects' to design and synthesize materials with virtually any physical
characteristics that are desired.
The prime requisites of most polymer materials have included
one or more of the following attributes: high mechanical strength;
elasticity; thermal stability; chemical inertness and electric insulation. A s a
result, most research has been directed towards the synthesis, processing
and testing of polymers in order to achieve these qualities2"7. However, one
consequence of attaining this level of mastery over the physical properties
of polymers has been an indifference towards their other interesting
properties, such as their electrical conductivity and chemical activity.
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Something of a revolution has occurred within the polymer
science community over the last two decades; an interest in the other
properties of polymers has emerged, particularly with respect to their
environmental degradation, solution chemistry, optical properties,
biocompatibility, recyclability, chemical activity and conducting
characteristics. These last two properties were of interest in this project.
O n e group of polymer materials that has been at the forefront
of recent developments in both these areas is electroactive, conducting
polymers. Interest in these materials has been demonstrated by scientists in
many

disciplines other than polymer

science. These

include

electrochemists, solid-state physicists, electronic engineers and material
scientists. In fact, this one-time offshoot of polymer science has developed
so much, it is n o w considered to be a major discipline in its o w n right.

1.1.1 ELECTROACTIVE, CONDUCTING POLYMERS
Like m a n y significant discoveries in science, that of
conducting polymers was serendipitous. In the early 1970s, a graduate
student making polyacetylene from acetylene gas followed a standard
procedure, except that he added too m u c h catalyst and produced a metalliclooking film instead of the usual dark powder*. This n e w polyacetylene
was found to be a semiconductor9. Subsequent research indicated that the
addition of particular reagents to the film increased its electrical
conductivity to that approaching the metallic regime10. This process has
become k n o w n as 'doping' by analogy with semiconductor technology.
Since then, numerous polymers have been found to undergo
this transition in conductivity upon doping. M a n y of these were k n o w n of
m u c h earlier, but were considered to be undesirable by-products of organic
reactions. These polymers were 'rediscovered' when the effect of doping

3
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upon their electrical conductivities w a s realised17. Other types of
conducting polymers were developed in response to this n e w demand.
The two conducting polymers that are of interest to this project
are polypyrrole and polyaniline. Both are attracting considerable interest
because of their chemical and electrochemical activity. S o m e idea of the
position of these polymers, within the entire class of polymer materials, can
be obtained from Figure 1.1. This shows a hierarchy of subclasses within
which the two polymers can be grouped, including the basis upon which
each level of the hierarchy is subdivided. This is entirely arbitrary, and
there are other ways in which such a chart can be constructed. However, it
serves to illustrate h o w extensive the field of conducting polymer science
has become and where these particular polymers fit into it.
The important features of polypyrrole and polyaniline, with
respect to the classification in Figure 1.1, are as follows:
- they are electronic conductors through a p-type (oxidative)
doping process, although the doping of polyaniline has an
additional dimension which is discussed later,
- they can be electrochemically polymerized, also through an
oxidative process, from aqueous solutions,
- they are electroactive, which means that they can be oxidized
and reduced and that their chemical structure and properties
can be influenced by the application of an electric potential.
Each of these aspects of polypyrrole and polyaniline is explained in the
following sections, with particular reference to their influence on the
chemical structure of the polymers. The chemical properties of these
conducting polymers are then discussed in detail, along with an explanation

CHAPTER 1
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conductivity

insulating

conducting

semiconducting

chemical
nature

inorganic

organic

conduction
mechanism

electronic

ionic

doping
process

reduction (n-type)

oxidation (p-type)

polymerization
method

other

v
electrochemical

monomer
solubility

v
aqueous

non-aqueous

electroactivity

electroactive

electroinactive

monomer type

v
polypyrrole polyaniline other
Figure 1.1. Classification chart showing the relative position of polypyrrole and
polyaniline within the polymer class of materials.
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of their molecular basis. S o m e appropriate methods for characterizing the
chemical properties of these polymers are then described and, finally, the
main objectives of this thesis are listed.

1.2 THE ELECTRICAL PROPERTIES OF CONDUCTING POLYMERS
The electrical conductivity (d) of a material 12 ' n is a function
of the number of charge carriers of type i (n,), the absolute value of the
electronic charge on the carrier (e,) and the mobility of the charge carriers
Qii), as described by the following equation:
<?(Scm-1) = Xn/.e/./x/

(1.1)

This relation holds for all types of conducting materials. It has been a
challenge for scientists to ascertain the characteristics of conducting
polymers that enable them to conduct electricity at the levels measured, in
particular the nature of the charge carriers.
The following discussion relates the electrical properties of the
polymers to their chemical structures. This is an important introduction to
the sections that describe the other properties of conducting polymers,
because the same features that permit electrical conductivity also contribute
to these other properties.
Firstly, electronic conduction in all solid materials is explained
with reference to the band model. Then the special case of conducting
polymers is discussed, using polyacetylene as an example because it is
simple to represent and a well understood system. Finally, the proposed
conduction mechanisms for polypyrrole and polyaniline are described, with
particular reference to their chemical structures and the nature of the charge
carriers in each polymer.

CHAPTER

1

1.2.1 E L E C T R O N I C C O N D U C T I O N IN SOLIDS
Conduction in solids is usually explained with reference to the
band model 1 3 . W h e n atoms or molecules exist in the solid state, and are
close enough for their electron orbitals to overlap, their valence shell
electrons are split into bonding and anti-bonding orbitals, with the electrons
filling those with the lowest energy levels first. W h e n there are large
numbers of orbitals, they overlap to form bands called the valence band
(from bonding orbitals) and the conduction band (from anti-bonding
orbitals). This band development is shown in Figure 1.2, including the
number of electrons (n) in the overlapping orbitals. Usually an energy gap
(Eg) separates these bands.
Electron movement between overlapping orbitals requires a
partially filled band; empty or full bands cannot carry electricity14.
Therefore, conducting materials must have either a valence band that is
partially filled by the available electrons or the valence and conduction
bands must overlap so that no energy gap exists between them. Insulators
and semiconductors are materials that have completely full valence bands
and completely empty conduction bands that are separated by a band gap.
The band models of insulators, semiconductors and conductors are shown
in Figure 1.3.
With semiconductors, in order for electrons to flow under the
influence of an external electric field, some electrons must be promoted
into the empty conduction band, which requires energy. Semiconductors
are actually insulating materials that have small band gaps over which a
fraction of the electrons in the valence band can be thermally promoted at
room temperature12. This givesriseto electrons in the conduction band and
positive holes in the valence band, which allows electronic conduction to
occur as both bands are n o w partially filled. Therefore, semiconductors can
be m a d e more conducting by heating.
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anti-bonding
orbital

conduction
band
A

/
E

9

1 I
1 I

/
/

bonding
orbital

ene rgy

n= 1
(no overlap)

V

n=2

valence
band

n= 4

n = °o

Figure 1.2. The band model: the overlap of electrons (n) produces bonding and
anti-bonding orbitals and the overlap of these orbitals produces valence and
conduction bands. Eg is the energy gap between these bands.

A
\
V

energy

E

insulator

Eg = band gap
energy

conductors

semiconductor

empty orbitals
filled orbitals

9=°

conduction band

[
J

valence band

Figure 1.3. The band models of insulators, semiconductors and conductors.
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Semiconductors can also be m a d e more conducting by doping.
Doping, in classical semiconductor terminology, refers to the addition of a
reagent, with either fewer or more valence electrons than the constituent
atoms of the semiconductor, to the material. The 'dopant' replaces an atom
of the semiconductor material within the crystalline lattice and this changes
the electronic structure, by either taking electrons from the valence band
(p-doping) or adding electrons to the conduction band (n-doping,). In either
situation, a partially filled band is formed and the material can conduct
electricity. The effects of thermal activation and doping on the band models
of semiconductors are shown in Figure 1.4.

A

1
V

energy

Eg = band gap
energy

n-doped
semiconductor

p-doped
semiconductor

thermally activated
semiconductor

conduction band

empty orbitals

filled orbitals

C

valence band

Figure 1.4. The thermal activation and doping of semiconductors to produce
conducting materials with partially filled bands.

The band model has also been used to describe the conduction
mechanism of conducting polymers. However, conducting polymer
systems are m u c h more complex than the atomic materials that constitute
classical semiconductors because:
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- the doping of conducting polymers does not involve
replacement of the bulk material with a dopant, but involves a
redox reaction that changes the chemical and electronic
structures of the polymer,
- the polymers have an essentially one-dimensional lattice,
which makes them more amorphous than crystalline in nature,
- the charge carriers are not necessarily electrons and often
change with the degree of doping.
The influences that these features have on the electronic conduction of
conducting polymers are described in the following section.

1.2.2 ELECTRONIC CONDUCTION IN CONDUCTING POLYMERS

The chemical structure of the undoped form of polyacetylene
is shown in Figure 1.5. This has, in c o m m o n with all electronically
conducting polymers, the following traits:
- the monomers are covalently linked at two positions,
producing a one-dimensional (linear) polymer,
- the polymer backbone comprises alternating single and double
bonds.
There is the potential, therefore, to form a completely conjugated system,
in which the K orbitals of these alternating single and double bonds overlap,
with the resulting derealization of the electrons along the polymer chain
producing high conductivity12'u. However, in practice this does not occur
because of vibrations that arise in linear polymers and prevent a complete
overlap of the n orbitals. This gives rise to a band model similar to that for
a classical semiconductor13, with the attendant low conductivity.

CHAPTER l

HC =CH

•

/S/S/S/

acetylene

trans polyacetylene

Figure 1.5. Chemical structures of acetylene and undoped polyacetylene.

Upon doping with an oxidizing potential (p-type) or reducing
potential (n-type), the electron density in the n orbitals is perturbed.
Because of the strong coupling of the electrons to the lattice, the lattice
becomes distorted locally15. The distorted part of the lattice has a different
chemical and electronic structure from the rest of the polymer and this
gives rise to electron orbitals at different energy levels. A s the doping
results in a destabilization of the % electron cloud, these bonding orbitals
occur at a slightly higher energy level than those of the undoped polymer,
actually forming in the band gap along with their corresponding antibonding orbitals. T h e doping procedure, in effect, results in a local
suppression of the lattice vibrations that otherwise prevent the
derealization of electrons in the overlapping 7C orbitals1*. This, therefore,
increases the conductivity of the polymers.
The nature of these 'electronic defects', within the TC orbitals
of the polymer backbone, has been the centre of m u c h discussion. There
are three possible structures that have been considered to date: solitons,
polarons and bipolarons. These structures are shown in Figure 1.6 for
polyacetylene, along with the names given to their chemical and electronic
states. O n e of these, the soliton, has been observed only in polyacetylene
because it is the only conducting polymer that has the degenerate resonance
structures which allow a soliton to form 17 . Polyacetylene undergoes both ptype and n-type doping. M a n y conducting polymers, including polypyrrole
and polyaniline, undergo p-type doping only.
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Figure 1.6. Structures of the various charge carriers on polyacetylene.
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Figure 1.6 also indicates the presence of a counterion. The
counterion is incorporated to maintain charge neutrality within the
polymer. Under some circumstances, the counterion species m a y also act to
'dope' the polymer by supplying an electric potential. This process is
discussed in more detail later.
The relation of the polarons and bipolarons shown in Figure
1.6 is generally as follows: polarons form at low doping levels and
bipolarons form at higher doping levels. The latter can be regarded as being
overlapping polarons. These are the charge carriers responsible for the
conductivity of conducting polymers under most conditions. In Figure 1.6,
they are shown delocalized over two m o n o m e r units, but studies have
s h o w n that they can be delocalized over m u c h longer chain
lengths12'13'15.
The conductivity increase of polymers, with the formation of
polarons and bipolarons, can also be represented by the band model. These
electronic structures form n e w mid-gap energy orbitals (as mentioned
previously) that overlap at high doping levels to form mid-gap bands.
These may, in turn, overlap with the valence and conduction bands,
producing partially filled bands that allow electrons to flow. W h e n this
occurs, the charge can be carried by electrons, as in conventional electronic
conductors18'lp. However, there is still some debate as to whether the midgap bands actually merge completely to give the situation where there is no
band gap, although this would explain the high conductivity of heavily
doped polymers12.
The development of these mid-gap orbitals and bands with
increasing doping levels is shown in Figure 1.7 for a general p-doped
conducting polymer. This is, of course, an oversimplification of the real
situation for m a n y conducting polymers, including polypyrrole and
polyaniline, as is described in the following sections. Note also that Figure

13
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1.7 makes no allowance for the different densities of orbital states that
occur in the mid-gap bands and in the valence bands; in a p-doped polymer,
electrons are removed from the valence band, thus producing a mid-gap
band with fewer electrons. Yet there appears to be more filled orbitals at
higher doping levels, a fact which normally indicates more electrons.
Despite these deficiencies, the band model provides a useful illustration of
the processes that occur during the doping of conducting polymers.
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electrons
occupying
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Figure 1.7. Band model description of the formation of mid-gap orbitals and
bands as the doping level of the polymer increases.

This explanation of conductivity is completely acceptable in
theory, where perfect polymer structures occur in abundance. However,
practical situations are rarely so accommodating. Conducting polymer

samples invariably have structural defects that restrict the derealization of
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charge carriers along the polymer chains15. A s the polymers are onedimensional, in order to explain the observed conductivities, the occurrence
of interchain or intrachain charge-hopping phenomena must be evoked.
This is feasible because the conducting polymers retain their molecular
nature and thus adjacent chains experience intermolecular forces.
Therefore, although the polymers act as quasi one-dimensional conductors
and demonstrate anisotropic properties, their amorphous nature allows the
parallel chains to reorganize, thus enabling the counterions to m o v e about
within the polymer; a situation which is necessary to permit the charge
carriers to m o v e both along the chain and between chains.

1.2.3 THE CONDUCTION MECHANISM OF POLYPYRROLE
The conductivity of polypyrrole has been investigated
extensively from an empirical point of view. Researchers k n o w that the
conductivity of polypyrrole is dependent upon the temperature during the
polymerization20"22, the polymer thickness20, the nature of the counterion23'
24_2d

, the solvent20, any substituted functional groups on the pyrrole

monomer 2 7 ' 2 8 , the electrochemical polymerization conditions used20"22 and
the presence of structural defects in the polymer 27 . However, the
conduction mechanism and the molecular structure of polypyrrole, that
give rise to these dependences, are not completely understood and there is
disagreement over some details.
The following explanation of the doping process in
polypyrrole is most often encountered in the literature1*' 19>29'31. The
neutral polymer is first oxidized to the polaron state, which remains
localized at the ionization site and therefore does not act to significantly
increase the overall conductivity of the polymer. A s further oxidation takes
place, the concentration of polarons within polypyrrole increases until they
begin to interact with one another to form bipolarons. The kinetics of this
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process have been studied, with the findings indicating that this process
m a y be limited by the diffusion of the counterion species throughout the
polymer 3 2 . Bipolarons m a y also be formed by the direct oxidation of
polarons, which are more readily ionized than the undoped polypyrrole1^.
Therefore, the main charge carriers in conducting polypyrrole are
bipolarons, which behave as dications in chemical terms. Figure 1.8 shows
the chemical structures of undoped polypyrrole, and the polaron and
bipolaron forms delocalized over four polymer units.

undoped polypyrrole

polaron structure
(radical-cation)

bipolaron structure
(dication)
Figure 1.8. The chemical structures of the undoped, polaron and bipolaron
forms of polypyrrole.

When still higher doping levels are achieved, the lattice
distortion becomes so great that the bipolarons begin to overlap and their
corresponding mid-gap bands overlap with the valence and conduction
bands in a manner similar to that shown by the band models in Figure 1.7.
This then allows conductivity to proceed with electrons as the charge
carriers18'19. Even at the 1 0 0 % doping level, a band gap still remains in
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polypyrrole2p'33 so that it never attains the band structure of a true metal.
However, the band gap becomes so small that electrons are readily
promoted at room temperature to produce the partially filled bands
necessary for electronic conductivity.
A n interchain or intrachain charge-hopping mechanism for the
bipolarons is required for polypyrrole to be an effective conductor, as m a n y
structural defects can arise in the polymerization process34"3*. These defects
disrupt the short-range derealization and overlap of the bipolaron states,
which means that polypyrrole does not behave entirely as a onedimensional conductor.

1.2.4 THE CONDUCTION MECHANISM OF POLYANILINE
Polyaniline has an electronic conduction mechanism that
seems to be unique amongst conducting polymers as it is doped by
protonation as well as undergoing the p-type doping described for
polypyrrole. This occurs because of the configuration of the polymer,
which is of the A - B type (with two different repeating units), whereas most
other conducting polymers, including polypyrrole, are of the A - A type.
Furthermore, the B component is the basic heteroatom (N), which
participates in the conjugation to a greater extent than the heteroatom in
polypyrrole. Therefore, the conductivity of polyaniline depends on both the
oxidation state of the polymer and the degree of protonation.
Polyaniline can exist in a range of oxidation states. The one
that can be doped to the highly conducting state is called polyemeraldine. It
consists of amine (-NH-) and imine (=N-) sites in equal proportions. The
imine sites are protonated in preference37, which gives the bipolaron
(dication salt) form. However, this undergoes dissociation and
proportionation to form a delocalized polaron lattice, which is a
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polysemiquinone radical-cation salt. The structures at each stage of this
process are shown in Figure 1.9.
Although theoretical calculations have predicted that the
bipolaron state is energetically favoured over the polaron one3*, it is widely
agreed that polarons are the charge carriers responsible for the high
conductivity in polyaniline3p"45. It has been proposed that the presence of
coulombic interactions and dielectric screening, plus some local disorder in
the polyaniline lattice, act to stabilize the delocalized polaron state44.
Recent work has also shown that bipolaron states do exist in polyaniline,
but they are small in number and are not associated with conducting
regions of the polymer 44 .
Although the conductivity of polyaniline is dependent upon
the temperature46'47, humidity43' 48>49, counterion species43, functional
groups on the monomer 5 0 " 5 2 and the preparation conditions37'47' 53' 54,
particularly as they relate to the formation of structural defects37' 5S>56 and
the polymer morphology 56 ' 57 , the most significant dependence is upon the
proton doping level43' 48. Several workers have shown that the bulk
conductivity occurs by a different mechanism at the optimum doping level
than at significantly lower or higher doping levels56'5*. The highest
conductivity occurs w h e n polyemeraldine is 5 0 % doped by protons to give
the structure shown in Figure 1.94*. Under these conditions, the conduction
mechanism is similar to that for the other polymers described, with the
polaron states overlapping to form mid-gap bands 44 and the electrons being
thermally promoted to the unfilled bands to permit conduction5*.
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At doping levels higher than 5 0 % , some amine sites are
protonated, while at levels lower than this, some imine sites remain
unprotonated. In both instances, derealization of the charge carrier over
the polymer backbone is disrupted, thereby reducing the polymer
conductivity. W h e n significant proportions of these non-conducting phases
occur, polyaniline behaves in a manner equivalent to a conducting system
in which metallic islands are dispersed throughout a non-conducting
media 37 ' 44 '56. In such a system, transport of the charge carriers occurs
through 'charge energy-limited tunneling'44, which involves long-range
hopping and is similar to that of granular conduction models except that, in
polyaniline, it occurs on a molecular scale56.
The occurrence of charge exchange phenomena is necessary to
produce the conductivity levels observed, even in 5 0 % doped polyaniline,
because of the presence of structural defects other than those caused by
excess or inadequate protonation of the nitrogen sites44. It is proposed that
this involves interchain or intrachain proton exchange as well as electron
transport43. This explains the observed dependence of conductivity on the
ambient humidity, as the presence of water within the polymer lattice
would facilitate this proton-exchange phenomenon 37 ' 43 .

1.3 ELECTROCHEMICAL POLYMERIZATION OF CONDUCTING
POLYMERS
The discovery that electrochemical polymerization techniques
could be used to prepare polypyrrole with high conductivities59 has led to a
widespread interest in this approach. Generally, the electrochemical
polymerization of conducting polymers has the following advantages:
- the polymers are prepared in their conducting form as the
polymerization and doping are both oxidative processes,
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- the degree of control that is achievable over various
electrochemical parameters enables both kinetic and
thermodynamic aspects of the polymerization to be governed
in order to produce a polymer with the desired properties,
- electrochemical techniques allow the polymers to be prepared
from aqueous and non-aqueous solutions, with the former
being of interest for this project.
The polymerization mechanism of polypyrrole and polyaniline will be
discussed in the following sections, but a general discussion on
electrochemical polymerization appears below.
In its most accurate sense, the term electrochemical
polymerization encompasses two types of techniques; those involving
electrolytic deposition and those that m a k e use of chemical oxidants. Both
are electrochemical processes. However, c o m m o n usage has seen
electrolytic deposition referred to as 'electrochemical polymerization',
whereas the use of solution electrochemistry has become k n o w n as
'chemical polymerization'. Consequently, these terms are used as such
throughout this thesis.
Electrochemical polymerization is usually carried out in a
conventional three-electrode cell (although a two-electrode cell can be used
when it is not important to control or measure the potential). The specific
cell geometry depends upon the physical characteristics of the working
electrode. A variety of cells for the electrochemical polymerization of
conducting polymers onto microelectrodes60, conventional electrodes, large
single- or double-sided plates, fibres and particles61 have been designed
and used.
B y controlling either the potential or the current density, which
provide the oxidizing power at the working electrode, the rate and extent of
the polymerization can be controlled to a fine degree. The c o m m o n
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techniques used are described as potentiostatic (constant potential),
potentiodynamic (cycled potential) and galvanostatic (constant current).
For chemical polymerization, the oxidizing potential is
supplied by a chemical oxidant in solution. The rate and extent of the
polymerization are determined by the concentration and strength of this
oxidizing agent47'54. Generally, the same degree of control over the
polymerization cannot be attained with chemical polymerization as with
electrochemical polymerization. However, chemical polymerization has the
advantage of not requiring a conducting substrate onto which the polymer
must be deposited.
The combination of these two polymerization methods means
that a wide variety of forms of conducting polymers can be prepared. These
include films on conducting substrates of almost any geometry, stand-alone
membranes 6 2 , coatings on particles61 or on porous membranes, polymer
particles63 and colloidal suspensions64.
Both of these techniques are readily carried out in aqueous
solutions, which is important for three reasons:
1

A wide variety of counterions can be incorporated within the
polymer, particularly for electrochemical polymerization
where any anions present in the electrolyte solution are
incorporated. For chemical polymerization, the counterion is
usually the anionic component of the oxidizing agent.
However, other anions can also be incorporated if present in
sufficient concentrations.

2

M a n y of the applications will require use in aqueous
environments and it is, therefore, most appropriate to prepare
and characterize these polymers under similar conditions.

3

Water is cheaper and less toxic.
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There are also some disadvantages of electrochemical
polymerization in aqueous solutions, mainly due to the occurrence of side
reactions that lead to the formation of m a n y of the structural defects
mentioned in the previous section. However, these interfere predominantly
with the conductivity of the prepared polymers 16 and m a y not be as
detrimental to the chemical activity of the polymers.

1.3.1 THE ELECTROCHEMICAL POLYMERIZATION OF PYRROLE
It is generally agreed that the polymerization of pyrrole
involves an E ( C E ) n mechanism. This means that the polymerization is
initiated by an electrochemical (E) process, and it is propagated by the
repetition of a chemical (C) process followed by another electrochemical
(E) process15'16'65> 66. The overall reaction scheme is shown in Figure 1.10
and is explained below.
The initiation step [A] involves the oxidation of the pyrrole
m o n o m e r to form the radical-cation which associates with a counterion
(C - ). The radical-cation is delocalized over the molecule, but the highest
electron density occurs at the a carbons67. Consequently, most reactions
occur at these positions on the oxidized monomers.
The next step is the formation of the pyrrole dimer [B] which
is a chemical process. There are two possibilities here:
- the formation of a dimer by the coupling of two radical-cations
[Bi],
- the formation of a dimer by the coupling of a radical cation
with a neutral pyrrole monomer [Bii].
For each reaction, although the sequence is different, the result is the same.
Note that the reaction involving coupling of the radical-cation to the neutral
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m o n o m e r requires an electrochemical step afterwards to form the neutral
dimer. Therefore, the total number of electrons removed is the same for
each reaction. Radical-radical coupling is more likely to occur in systems
where the kinetics of the electron transfer for the oxidation step are very
rapid compared with the diffusion of the m o n o m e r species. Thus, a high
concentration of radical-cations will form and be able to interact with one
another. This is likely to occur with electrochemical polymerization. For
chemical polymerization, the rate of electron transfer during the oxidation
will be governed by diffusion of the oxidant and will therefore be slower.
Consequently, the coupling of neutral monomers with the radical-cation is
more likely to occur6*.
The next step involves oxidation of the dimer to form a
radical-cation once again. This then couples with either a radical-cation of
a dimer or monomer, or their neutral forms. Most workers suggest that the
radical-radical coupling is more likely15'16'65'66'68. This leads to a rapid
propagation of the chain [C] because longer chain oligomers are more
readily oxidized to form the radical-cation than shorter ones 69 ' 70. The
values of n and m can therefore be any integer.
These oxidation reactions occur in the range of +0.60V to
+0.80V (vs Ag/AgCl reference electrode). However, the doping process
occurs at potentials m u c h lower than this, as will be described in Section
1.4.1. Therefore, the polymer in [C] will be doped and in its conducting
form. This can be represented by the reaction scheme [D], where the
product is the dication/bipolaron form of polypyrrole shown in Figure 1.8.
The fact that polypyrrole grows in its conducting form is important for the
chain propagation as it means that oxidation can occur anywhere along the
chain length to produce the radical-cation at the end and also that the
polymer readily grows upon itself.
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It has been shown that the deposition of polypyrrole onto itself
occurs at a lower potential than onto other substrates6*. If polypyrrole was
not deposited in its conducting form, this would not be the case and only
very thin films would form. The deposition [E] of polypyrrole occurs by a
precipitation of the insoluble polymer-counterion association once the
chain length exceeds a critical value (m) 7 1 .
T h e polymer characteristics are dependent upon several
features of the polymerization environment:
- the oxidation potential or current density,
- the solvent,
- the counterion,
- the presence of other species, gases for example,
- the concentration of the m o n o m e r and electrolyte,
- the ambient temperature.
If the oxidation potential is too high (above +0.80V), the
conducting form of polypyrrole is then overoxidized in a process that is
irreversible and destroys the conductivity of the polymer6*. This is thought
to be due to a loss of conjugation and possibly the opening of the pyrrole
ring structure6*. Therefore, the potential generated or applied during
polymerization is an important parameter.
A s already mentioned, structural defects form

when

polymerizing in aqueous conditions. This is because water is a nucleophilic
solvent that reacts with the radical-cation to form a carbonyl group in the a
position, effectively terminating the polymer growth along that chain.
Similar reactions also occur in other nucleophilic solvents. The presence of
dissolved oxygen also produces this side reaction.
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Another side reaction that occurs is the formation of a-p or
p-p linkages during the coupling reaction27. The resonance structures of the
radical-cation depicted in Figure 1.10 show that the p carbons share the
radical derealization, thereby making it possible for the linkages
mentioned above to occur.
In aqueous solutions, a range of counterions have been used,
including simple anions, organic acids26, aromatic anions 20,72 » 73 , anionic
surfactants74 and biological molecules75. The charge density73, basicity24'
26

, planarity72 and size72 of the counterion species all affect the morphology

and conductivity of polypyrrole. Another variable is the nature of the
pyrrole monomer, itself. Various derivatives of pyrrole have been used2*' 66>
76-78 w h i c h polymerize at different potentials and produce polymers
possessing different conducting and morphological properties. It has also
been found that the cation present during polymerization has an effect on
the properties of the polymer formed 79 .

1.3.2 THE ELECTROCHEMICAL POLYMERIZATION OF ANILINE
A s the conductivity of polyaniline is dependent upon its
protonation as well as its redox state, in order to prepare the polymer in its
conducting form, the electrochemical polymerization must be carried out in
acidic solutions, typically at p H 0. Under these conditions, the
polymerization mechanism is similar to that for pyrrole; an E ( C E ) n process.
The reaction sequences shown in Figure 1.11 are generally accepted as
being those that give rise to the conducting form of polyaniline15'37'*0"*2.
The initiation [A] and rate-determining step of the process is
the formation of the radical-cation of aniline. This is usually described as
being the oxidation product of the neutral aniline monomer 1 5 ' 37> 80>81
despite the fact that most aniline will be present as the anilinium ion
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(-NH3+). However, it is suggested that the direct oxidation of this form is
also possible*2.
The radical-cation has several resonance forms. The resonance
forms with the radical on the N and in the para position are most likely to
participate in a coupling reaction [B]. The species with the radical in the
ortho position is not as likely to react due to electrostatic repulsion of the
positively charged amine groups. However, the radical is in the ortho
position more frequently and it is likely that this reaction will occur to
some extent*1. The head-to-tail coupled form undergoes rearomatization to
its neutral state.
O n c e again, the chain propagation and the doping, both
oxidative and that due to protonation, occur together. However, these are
shown as separate reactions for ease of presentation. The chain propagation
[C] requires oxidation of the oligomer to form the radical-cation, which is
delocalized over the aniline unit at the end of the chain. This allows further
chemical coupling reactions to occur between these oligomers and radicalcations, in the para resonance state, to increase the chain length. The
growth of polyaniline has been found to be self-catalysing*0' *2; the more
polymer that is deposited, the higher the rate of polymer formation.
The doping [D] by oxidation, of the polymer to its conducting
form, occurs with the growth of the chain. Both the electrochemical and
chemical doping occur concurrently. The intermediate states of the
polymer, after formation of the polyemeraldine salt, are shown in Figure
1.9. T h e resulting structure is that of the polaron lattice, which is
delocalized over the polymer.
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This is the theoretical structure of polyaniline. In practice,
there are various side reactions that can occur and which disrupt the
conductivity. The coupling of radicals at the N and ortho positions has
already been mentioned. Other structural defects due to overoxidation of
the polymer have been proposed. The exact nature of the overoxidation is
not known. O n e theory is that crosslinking occurs*3. Another describes the
opening of the chain after the formation of a paraquinone*3.
A s polyaniline must be polymerized in highly acidic solutions
to form conducting polymers, this limits the counterion species to the
anions of strong acids. However, a tremendous range of m o n o m e r
derivatives of aniline have been investigated52' *0' *4"*6, with m a n y of them
forming polymers with properties significantly different from those of
polyaniline, as well as being polymerized by different mechanisms.

1.4 THE ELECTROACTIVITY OF CONDUCTING POLYMERS

Electroactivity is one of the most interesting properties that
m a n y conducting polymers possess. A n electroactive polymer can be
reversibly 'switched' from its conducting state to a non-conducting state.
This occurs through doping and dedoping processes that can be controlled
by the application of an appropriate potential, by either electrochemical or
chemical means. This is important for the following reasons:
- it allows the doping and dedoping processes to be controlled,
monitored and characterized using electrochemical techniques,
- it provides control over the conductivity of the polymer,
- it changes the chemical structure of the polymer,
- it enables the counterion species to be changed from that
incorporated during polymerization which, in turn, can change
the properties of the polymer.
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The doping reaction is the same as that which occurs during the
polymerization process and the dedoping reaction is the reverse process.
However, there are unusual aspects of the doping and dedoping of both
polypyrrole and polyaniline which warrant a more detailed description. It
should also be noted that m a n y of the side reactions that can occur during
polymerization can also be a problem during doping, particularly those
causing overoxidation.

1.4.1 THE ELECTROACTIVITY OF POLYPYRROLE
The doping and dedoping reactions of polypyrrole are shown
in Figure 1.12. This is the same as the process shown in Figure 1.10 [D],
except that the polymer is shown oxidized to a lesser degree, with only one
positive charge delocalized over three m o n o m e r units. W h e n dedoped, the
polymer is reduced and reverts to its neutral, chargeless state. The
counterion is expelled during this process in order to maintain charge
neutrality within the polymer. Therefore, a significant change in the
chemical structure of the polymer accompanies this reaction.

Figure 1.12. The dedoping and doping reactions of polypyrrole in which
counterion exchange occurs.

The reactions shown in Figure 1.12 occur with simple
counterion species. However, for larger counterion species, the doping and
dedoping processes b e c o m e more complex and can involve the
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incorporation of a cation into the polymer, in order to maintain charge
neutrality, instead of the expulsion of the counter-ion*7'*0. This is due to the
more rapid diffusion of small cation species in solution compared with
large anionic species within the polymer matrix. The dedoping and doping
reactions for this process are shown in Figure 1.13.

Figure 1.13. The dedoping and doping reactions of polypyrrole in which cation
exchange occurs.

In practice, the doping and dedoping that occur are likely to be
a combination of the counterion and cation exchange processes, depending
upon the particular system. Recent observations suggest that the insertion
of cations m a y be favoured at certain potentials (when the polymer is in its
reduced state) in a process analogous to ion transport in semiconductors60.
It has also been observed that non-equivalent sites arise, within
polypyrrole, that have

very

different doping

and

dedoping

characteristics97"*3. These counterions have been called 'deep' and
'shallow' according to the strength of the interaction of the counterion with
the polymer. Deep counterions are most stable and seem to vary little
between samples. They are exchanged only during the switching of the
polymer between the conducting and non-conducting states. Shallow
counterions are more labile and are likely to participate in anion exchange
interactions w h e n the polymer is in its conducting state. They vary more
with the polymerization conditions than the deep counterions.

CHAPTER 1

The switching reactions of polypyrrole are often studied by
cyclic voltammetry, providing voltammograms as shown in Figure 1.14.
This technique indicates the potentials at which the switching occurs (about
-0.5V vs Ag/AgCl, which will vary slightly between systems) and also
provides some information on the reversibility of the reactions. The exact
shape of the voltammogram is dependent upon numerous chemical and
electrochemical aspects of the polymer's environment. Therefore, it is often
used as a 'signature' of a particular polymer system.

0.40

-1.00

-0.60

-0.20

0.20

0.60

potential (V)
Figure 1.14. Cyclic voltammogram of polypyrrole (NO3-) on a glassy carbon
electrode; 1.0M NaN0 3 ( aq ); 50mV/s.
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1.4.2 T H E ELECTROACTIVITY OF POLYANILINE
The electroactivity of polyaniline is m u c h more complicated
than that of polypyrrole because of the influence of the degree of
protonation upon the doping of the polymer and also because of the greater
number of redox states that occur with polyaniline. The state of the
polymer in its conducting form - polyemeraldine - has already been
discussed. There are several other states of polyaniline37, the most
important ones being the fully reduced form (leucoemeraldine) and the
fully oxidized form (pernigraniline). Polyemeraldine is the half-oxidized
form. These three states are important because polyaniline can be
electrochemically switched between them.
Polyaniline can also be 'switched' by the addition of acids and
bases that respectively protonate and deprotonate the heteroatom groups
within the polymer. This leads to the complex relationship between the
states as shown in Figure 1.15*7**4. Note, also, the dependence of the
polymer states, and thus the reactions, upon the p H of the solutions. At
solutions of p H greater than 4, polyaniline loses its electroactivity entirely
because the polyemeraldine salt cannot form and this is the only conducting
state of the polymer*4.
It can be seen that polyaniline undergoes transitions between
different states and therefore its chemical structures are varied and can be
controlled by application of a potential, an acid or a base. Not only do the
conductivity and chemical properties of polyaniline change, but the colour
of the polymer also changes between each of these states*5"**. These
chromatic changes in polyaniline have led to an interest in its use for
display devices, redox and p H indicators and other applications.
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Figure 1.15. The protonation and redox reactions between the various forms of
polyaniline.

The electrochemical switching of polyaniline can be
monitored by cyclic voltammetry. However, because of the dependence of

the switching upon the protonation level of the solution, the peak potenti
also vary with pH. A signature voltammogram for polyaniline at pH 0 is
shown in Figure 1.16, showing the switching between the various forms
and also the colour changes that occur with each transition.
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Figure 1.16. Cyclic voltammogram of polyaniline (HCI) on a glassy carbon electrode; 1M HCI(aq);
50m V/s; the potentials at which structure and colour changes occur are shown. The change in the
potential of the second redox reaction with pH is shown as well.

1.5 THE CHEMICAL PROPERTIES OF CONDUCTING POLYMERS
Interest in the chemical activity of p o l y m e r materials has
g r o w n in recent years, along with an awareness that such properties could
be used for n u m e r o u s applications and that the k n o w l e d g e w a s available to
allow a degree of control over this feature of the polymers**. M u c h of the
research involved introducing reactive functional groups to stable p o l y m e r
b a c k b o n e s or s o m e other w a y of m o d i f y i n g existing p o l y m e r surfaces.
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M o r e recently, n e w types of polymers have been sought in order to provide
the basis for chemically active materials**. M a n y of the conducting,
electroactive polymers have quickly risen to prominence in this group of
materials, particularly polypyrrole and polyaniline.
The discussion in the previous section outlined m a n y of the
structural features that give rise to the conducting and electroactive
properties of these polymers. This section will build on the information
presented earlier to highlight the interesting chemical properties of these
polymers. In order to do so, the following areas will be discussed:
- the molecular basis of chemical interactions,
- an analysis of the types of chemical interactions that can occur
on polypyrrole and polyaniline based upon their structures,
- experimental observations that have provided information on
the chemical interactions that occur on these polymers.

1.5.1 THE MOLECULAR BASIS OF CHEMICAL INTERACTIONS
This section introduces the types of non-covalent molecular
interactions that occur between molecules and then describes h o w these
give rise to the chemical processes that are c o m m o n l y observed. All
molecular interactions are electrostatic in origin100 and all molecules
interact with one another (as well as with atoms and ions) to some degree.
The important features of intermolecular forces (with forces here being
synonymous with interactions) are their relative strength, directionality and
distance dependence 707 . These features are determined by the nature of the
molecules that interact or, for larger molecules, the nature of their
functional groups. There are three distinct types of functional groups that
can m a k e up a molecule:
- those that carry an electric charge (ionic),
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- those that are neutral overall, but have an internal charge
separation (polar),
- those that are neutral with no charge separation (non-polar).
The total contribution of each functional group to the overall character of
the molecule is dependent upon several aspects, including the size and
conformation of the molecule, the geometric distribution of the groups and
the prevalence of one type of group over another.
The interaction of ionic groups is described by Coulomb's
equation and the energy of the interaction has a distance dependence of 1/r.
These interactions are non-directional as they are governed by purely
electrostatic forces. They are also the strongest type of molecular
interaction707 and often the initial interaction that occur between molecules.
Polar groups arise w h e n there are adjacent atoms with very
different electronegativities. Polar molecules interact with other polar
molecules, as well as with ions. These interactions are stronger, with more
polar molecules, and therefore stronger still with ions. They are weaker
than ionic interactions, having distance dependences of 1/r3 and 1/r2,
respectively, for the energy. They are directional, in the sense that the
dipoles will arrange themselves so that the opposite charges can interact to
the optimum extent, and this gives rise to preferred orientations. Where
these preferred orientations are hindered, due to steric reasons for example,
the interaction is weakened.
Non-polar molecules, which have an average symmetrical
distribution of electrons, can experience instantaneous dipole moments as a
result of momentary imbalances in this distribution because of the random
motion of electrons. These instantaneous dipoles interact with
neighbouring instantaneous dipoles to produce a net attractive force700.
Such interactions are called London dispersion forces and are the weakest
of all intermolecular forces, having a distance dependence of 1/r6 for the
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energy. They are also non-directional, as the orientation of the dipole
m o m e n t changes from one instant to the next and averages out to be zero.
Although dispersion forces are weak, they are dependent upon the
polarizability of the molecule and therefore tend to increase with molecular
weight (or, m o r e accurately, molecular volume). Consequently, the
contribution by these forces in large molecules can become significant even
when other, individually stronger, interactions occur as well.
Another type of molecular interaction occurs w h e n a charged
or polar molecule interacts with a polarizable molecule and causes the
electrons to adopt an asymmetric distribution. This produces an induced
dipole moment. The strength of these interactions depends upon the charge
and dipole m o m e n t of the inducing molecules and the polarizability of the
non-polar molecules. These interactions are weak, having a 1/r4 and 1/r6
distance dependence for the energy, respectively. They are usually not very
significant to the overall strength of the interaction between molecules and
are non-directional in terms of the interaction strength, as the induced
dipoles always adopt the most preferred orientations.
This discussion is summarized in Table 1.1, with examples of
the types of functional groups that undergo the interactions and the relative
strengths, distance dependence and directionality of the interactions. The R
group in the examples can represent anything from an H atom to the largest
of macromolecules.
The combination or occurrence of these molecular interactions
within a particular system gives rise to a range of chemical interactions that
scientists most often use to describe the processes that are observed. The
most fundamental of these chemical interactions, that represent genuinely
different processes, are:
- acid-base interactions,
- hydrogen-bonding interactions,
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Table 1.1. S u m m a r y a n d e x a m p l e s of the types of molecular interactions.
Molecular
interaction

Example

Relative
Distance
strength dependence

O

H.
i+

ionic

-

R-N-H
H R

//

R-N:
H

< =

1/r

no

strong

1/r2

yes

moderate

1/r3

yes

weak

1/r4

no

very weak

1/r6

no

very weak*

1/1-6

no

0

//

o-c
R

<=

O

H
polar

very strong

O-C

.H ion-dipole

Directionality

R-N
H

o=c
R

<=

ion-induction

H+
H
R-N-H H-C-R
i

i

H H

dipole-induction

H
i
R_Q_H

O
0 = C
\

I

H R

H

H
London
dispersion

R-C-H

H-C-R

i

i

H H
< =

permanent dipole moment

<— induced dipole moment
^=r instantaneous dipole moment
London dispersion forces increase with the size and polarizability of the molecule.
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- non-specific interactions,
- hydrophobic interactions.
S o m e of these, in turn, m a y be divided into different chemical processes for
which the distinction cannot be clearly defined under s o m e conditions.
Others are more straightforward and have no subclasses of interaction.
Acid-base interactions are the most wide-ranging of these
chemical processes and this term also includes m a n y chemical reactions
which are not of relevance to this discussion. There are also numerous
definitions of what an acid or base is. The most general definition, but one
that is little used, describes acidity as "a positive character of a chemical
species which is decreased by reaction with a base". Conversely, basicity is
"a negative character of a chemical species which is decreased by reaction
with an acid"700. Therefore, it is apparent that acid-base interactions will
involve predominantly ionic and ion-dipole molecular interactions, with
some polar interactions as well. Although they are defined as involving
reactions, m a n y have equilibria that are indicative of very labile processes
that have m u c h in c o m m o n with intermolecular forces, and it is these
interaction types that are of most interest here.
S o m e of the labile acid-base interactions observed are ion pair
formation, ion exchange behaviour, complexation and chelation. These are
in approximate order of increasing selectivity. This selectivity arises from
the increasing contribution of polar interactions, because polar interactions
have a high direction dependence, whereas purely ionic interactions do not.
Further selectivity is introduced by considering the polarizability of the
molecules, as dealt with by the classification of acids and bases into 'hard'
and 'soft' types. 'Hard' species have a low polarizability, while 'soft'
species have a high polarizability. The selectivity arises because "hard
acids prefer to bind to hard bases and soft acids prefer to bind to soft
bases"700.
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Hydrogen-bonding is a special type of polar molecular
interaction, although there is some debate over the suitability of this
classification

as

hydrogen

bonds

display

some

anomalous

characteristics700. A hydrogen bond exists w h e n a hydrogen atom, which is
covalently bonded to a highly electronegative atom (and thereby forms a
polar group), interacts with another highly electronegative atom. There is
some evidence to suggest that the covalently bonded electrons are
delocalized between all three of these atoms 700 , which produces a strong
interaction. Hydrogen-bonding occurs only in molecules that comprise F, O
and N functionalities (the three most electronegative atoms) and is
therefore a quite selective interaction.
The non-specific interactions are also very wide-ranging and
have various names depending upon the environments in which they are
encountered. W h e r e a phase boundary or interface is involved, the term
used to describe the chemical process is adsorption or, more particularly,
physical adsorption where no covalent bonding arises. These interactions
also govern the solubility of molecules in non-polar environments. At the
molecular level, they involve interactions ranging from the ion-dipole
interactions, through the induction interactions, to the dispersion forces. A s
implied by the name, they are not selective and often a mixture of
molecular interactions will occur in the one system. Collectively, they are
often referred to as van der Waals forces.
The final type of chemical interaction is the hydrophobic
interaction. This interaction arises w h e n non-polar molecules, that undergo
dispersion molecular interactions, form globules or micelles from which
water is excluded. This type of interaction is especially important with
biological macromolecules and surfactant molecules which have long nonpolar chains. There is some misconception as to the nature of hydrophobic
interactions arising from the impression that the non-polar molecules are
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greatly attracted to one another. However, as described previously and
indicated in Table 1.1, the London dispersion forces are the weakest type of
molecular interaction. In fact, a non-polar molecule will interact just as
strongly with a water molecule as with another non-polar molecule.
Hydrophobic interactions arise w h e n there are high
concentrations of non-polar and water molecules in a region. The presence
of the non-polar species causes the water to form clusters with a high shortrange order, which is entropically unfavourable. Therefore, the water and
the non-polar molecules form two phases in order to minimize the free
energy of the system. This gives rise to the globules and micelles made up
of the non-polar molecules.
A combination of these chemical interactions is responsible for
all intermolecular and intramolecular forces observed. Generally, the more
of these that are present, the stronger and more selective the interaction
between molecules will be. The combination of ionic forces (long-range
and strong), polar interactions (medium range with a direction
dependence), dispersion forces (short range and individually weak, but
collectively strong) and hydrophobic interactions (entropy-driven)
produces the molecular recognition properties of enzymes and other
biological systems. The occurrence of these molecular interactions in
conducting polymers, and the chemical processes to which they give rise,
are discussed in the following sections.

1.5.2 CHEMICAL INTERACTIONS ON POLYPYRROLE

A s seen in Figure 1.8, the chemical structure of polypyrrole, in
both its conducting and non-conducting forms, comprises a conjugated
hydrocarbon backbone, which is non-polar, although electron-rich, and
therefore polarizable. It would be considered a borderline 'soft' base with
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respect to its acid-base interactions on this basis alone. However, the
presence of the N heteroatom, with its electron-withdrawing properties,
reduces this softness somewhat. T h e oxidation of the polymer to its
conducting state, with the removal of an electron, continues this trend even
further. The heteroatom is likely to contribute even more significantly
through its hydrogen-bonding capabilities. Both of these interactions are
likely to be predominant in the reduced form of polypyrrole, more so than
in the oxidized form. A n exception to this m a y occur with the situation
outlined in Figure 1.13, with cation insertion during reduction. W h e n this
occurs, ionic interactions between the salt within the polymer material and
its environment m a y result.
For the conducting form, in which there is a net positive
charge on the polymer, this ionic activity is even more certain to occur and
has been observed experimentally on several occasions*5,102.104 R e c a ii the
observation stated earlier about the possible occurrence of 'deep' and
'shallow' counterion sites in polypyrrole, with the shallow sites being
dynamic and giving rise to ion exchange behaviour. Let us consider this
aspect in more detail: in traditional ion exchange materials, there are acidic
or basic functional groups which interact with ions that have an opposite
charge. The charge on these functional groups is highly localized, being
shared between several atoms only. For polypyrrole, the charge is
delocalized over several molecules, presumably m a n y more w h e n the
polymer is subjected to an electric field and m a d e to conduct. In the
absence of an external electric field, these charges are likely to be
somewhat m o r e localized, possibly restricted by the size and charge
distribution of the counterion species. The situation is very different from
that of traditional ion exchange materials and it is probable that these
properties are dictated, to a considerable degree, by the nature of the
counterion species.
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Not only does the counterion contribute to the formation of the
polymer, but it is able to interact with the interface environment as well,
particularly where it is a large molecule such as a surfactant, protein or
antibody. Various interactions have been achieved in order to produce
sensors with a measure of selectivity for the species of interest705. These
interactions include precipitation79'70*, complexation70** 707, antigenantibody interactions70* and enzyme reactions709*770. Other counterioninduced interactions have been used in separation systems, such as
chromatography. These include ion exchange* 5 and hydrophobic
interactions*3.
Yet another w a y of introducing different chemical interactions
is by the addition of functional groups to the pyrrole m o n o m e r or even to
the polymer after preparation. S o m e different forms of pyrrole and
polypyrrole that have been used are shown in Table 1.2, along with a
description of the chemical properties that were introduced by the
derivatization. B y using more than one type of m o n o m e r to form a
copolymer, an even greater variety of interactions can be imparted to the
material. This 'building block' feature of conducting polymers, and
polypyrrole in particular, has m a n y similarities to amino acid/protein
chemistry, with the possibility of mimicking the properties of these
biological polymers being quite promising777.
In addition to forming copolymers with other monomers,
including non-pyrrole ones 772 , polypyrrole has also been combined with
other materials to form composites. These other materials have included
various non-conducting polymers, some of which were used to enhance the
structural properties of polypyrrole773'775, and others - polyelectrolytes were able to act as the counterion species77*.

45

CHAPTER l

Table 1.2. Derivatives of pyrrole and polypyrrole with
chemically active functional groups.
Derivative structure and name*

O

Chemical interactions

- weak cation exchange
- increased polarity

rt^cooH

- increased hydrogen
bonding

N
H
4-(2-pyrrolyl)-4-oxobutyric acid 117

HOOC

CH

w
N
H

3-methylpyrrole-4-carboxylic acid 76 ' 118

- weak cation exchange
- increased polarity
- increased hydrogen
bonding
- increased non-polarity

C H q " hydrophobic interactions

3-octadecylpyrrole119

metal complexation

polypyrrole-N-carbodithioate/20"?22
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- decreased hydrogen
bonding

O

- increased non-polarity

N
CH 3
N-methylpyrrole2fl

- strong cation exchange
(reduced form)
- self-doped polymer
(oxidized form)
sulphonated polypyrrole723

- increased polarity
- increased hydrogen
bonding
- increased non-polarity
3-carboethoxy-4-methylpyrrole77

H

N

O

^Yv A-

chirality

CH3

H
4-amino acid substituted pyrrole75

- strong cation exchange
- water soluble polymer
3-pyrrolyl-1 -propylsulphonic acid 724

* Where a polymer form is shown, this indicates that the polypyrrole has been
derivatized after polymerization.
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Polypyrrole has also been earmarked as a material with
possible molecular recognition properties. These are likely to arise through
an imprinting process involving the counterion. Similar processes have
been demonstrated

in other polymers

with

'self-assembling'

properties725"727. The importance of the counterion to the conducting
polymer's properties has already been established in this discussion.
Although the polymers are said to have no long-range order, they do tend
to be rigid because of the slight overlap of the n orbitals. This rigidity m a y
be the result of a short-range order that encompasses the charge carriercounterion region and is retained to some extent even w h e n the charge
carrier and counterion are removed and replaced.
The feasibility of this occurring is still speculative at the
moment and, due to the amorphous and dynamic electroactive properties in
which the polymer rearranges itself to accommodate n e w counterion
species, it has not even been considered very widely. However, there is
some indirect, empirical evidence that suggests it m a y occur 72 * with
polypyrrole, and the occurrence of molecular imprinting behaviour with
other conducting polymers is also being investigated729.
The unusual properties of polypyrrole have led to it being
considered for application within the n e w and rapidly expanding area of
'intelligent materials' research. The combination of electronic conductivity,
electroactivity and a wide range of chemical activities has meant that
polypyrrole can be m a d e to carry out m a n y functions and therefore m a y be
readily integrated within intelligent systems730'737.

1.5.3 CHEMICAL INTERACTIONS ON POLYANILINE

M a n y of the aforementioned properties of polypyrrole apply to
polyaniline as well. The electron-rich, non-polar backbone of the polymer
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is dispersed with functional groups of the N heteroatom that m a y
participate in hydrogen bonding, as well as introducing a polar
functionality in its various forms. In its conducting state, polyaniline also
has a positive charge delocalized over the backbone of the polymer and
over a m u c h larger range than occurs in traditional ion exchange materials,
although the positive charge is in the form of a radical-cation rather than a
dication. The effect of this difference on the chemical properties cannot be
predicted with certainty. The dependence of the structure of polyaniline on
the p H of its environment will also m a k e a major contribution to the
observed chemical properties.
A smaller range of counterions has been incorporated into
polyaniline than in polypyrrole because of this dependency upon p H .
Therefore, the degree of chemical interactions imparted by the counterions
has not been as significant. M a n y different functional groups have been
added to the aniline m o n o m e r 5 2 ' 80> 84'86 and, although these have
predominantly been investigated for their influence on the conductivity or
polymerization of polyaniline, they could also be used to introduce a range
of chemical interactions to the polymer.
Generally, polyaniline has not been considered for its
molecular recognition properties or for application in intelligent materials
as m u c h as polypyrrole. This is due to the dependence of polyaniline's
properties upon p H . However, this property, along with the more numerous
oxidation states of polyaniline, has drawn interest for other application
areas.

As can be gathered from this discussion, very little effort is
going towards characterization of the chemical interactions that occur on
conducting polymers. Most of the information presented here has come
from analysis of the types of molecular interactions that are likely, based
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upon the proposed chemical structures of the polymers. The rest of the
information has come secondhand from studies into the use of the polymers
for a particular application; sensors and separation systems being the most
prevalent.
However, there has been a gradual awareness of the need to
study conducting polymers in practical environments, such as in the
presence of liquids and solutions, even to provide information on their
electrical, optical and structural properties within these environments.
M a n y of the techniques used for these studies are electrochemical, which
makes them readily applicable to this in-situ approach. In addition there are
n o w other techniques that have been used to characterize the chemical
properties of other polymers and which are equally applicable to
conducting polymers.

1.6 IN-SITU CHARACTERIZATION OF THE CHEMICAL INTERACTIONS
ON CONDUCTING POLYMERS
M a n y of the characterization techniques used for advanced
materials were developed in response to a particular requirement. The
emphasis on studying the physical and, to a lesser extent, the electronic
properties of these materials has been reflected in the types of
characterization techniques that are available. Interest in the chemical
properties of materials is a comparatively recent development and m u c h of
the initial activity has used existing techniques in order to procure
information on this aspect, with varying degrees of success.
Determining the chemical properties of conducting polymers,
with their unique blend of characteristics, provides a particularly difficult
challenge. The features that are most difficult to deal with are as follows:
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1 The low processability of conducting polymers, in particular
their insolubility and infusibility, makes them unsuitable for
m a n y characterization techniques as the polymers cannot be
prepared in a suitable state. Therefore, standard techniques
used

for macromolecules

and

other polymers

are

inappropriate.
2 The amorphous nature of conducting polymers has meant that
m a n y traditional structural characterization techniques, that
were developed for investigating highly ordered materials,
cannot be used. These include techniques used with
precipitates, metals and other crystalline solids.
3 Conducting polymers are very dynamic materials and are
likely to change dramatically w h e n m o v e d from one
environment to another, for example, from vacuum to air and,
further, to a solution or liquid environment. They are even
likely to change from one type of solution or liquid to the next.
This means that relations between the structure and properties
observed in one environment cannot be used to predict the
behaviour in a different environment, as has been traditionally
done. Therefore, w h e n interested in the properties of a
conducting polymer, in an aqueous environment for example,
techniques that are directly capable of characterizing the
behaviour in this environment should be used.
However, with these limitations in mind, there is research
being conducted on the development of n e w characterization techniques, or
the innovative application of existing ones, for determining the chemical
properties of conducting polymers in 'real' environments. A
comprehensive review of these techniques outlines their features in
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detail777. T w o of these techniques, inverse chromatography and contact
angle analysis, are described in detail in the Introductions to Chapters 2 and
3. A brief outline of their main features follows so that their relevance to
the objectives of this project can be m a d e clear.

1.6.1 INVERSE CHROMATOGRAPHY
Chromatography utilizes differences in the partitioning of a
solute species between a mobile and a stationary phase. Generally, this is
used in order to separate and measure the constituents of a mixture, for the
purification of a compound, or to characterize the chemical nature of the
solute species. In inverse chromatography, molecular probes - which are
solute species with well-defined characteristics that undergo particular
chemical interactions - are used in order to determine the chemical
properties of the stationary phase material. This technique has been used to
characterize

polymeric

materials 732 " 737 , including

conducting

polymers73*'I39, and provides useful information on the dominant types of
chemical interactions that can occur on the stationary phase material.
Inverse chromatography has been used with gas 732 * 734 and
liquid735"73^ mobile phases for column chromatography. Our experience in
this field has demonstrated this technique to be diagnostically valuable.
However, particle preparation and column-packing procedures are both
labour intensive and time-consuming. Furthermore, s o m e polymer
materials are unsuitable for coating onto supports. Neither can they be
produced in particle form with satisfactory mechanical properties.
Therefore, inverse thin layer chromatography (TLC) was considered as an
alternative.
The use of conducting polymers as a stationary phase material
has enabled an additional dimension to be added to chromatography; direct
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control over the chemical properties of the stationary phase using
electrochemical stimuli. This is called electrochemical chromatography740.
Combining this feature with an inverse chromatography approach has
enabled the change in chemical interactions due to the electroactive
properties of the conducting polymers to be determined*3 for a liquid
column chromatography. A similar approach could be used with inverse
thin layer chromatography.

1.6.2 CONTACT ANGLE ANALYSIS

Contact angles arise at the three-way intersection of a solid, a
liquid and a vapour phase. The size of the contact angle is indicative of the
strength of the interaction between the solid and the liquid at the interface.
Consequently, the contact angle has been related to various properties of
the solid-liquid interface, including wettability747' 142, surface
roughness747'143, chemical heterogeneity747'744 and surface energy747'745'
74

*. It has also been used to observe the reorientation of surface groups in

dynamic polymer materials747. Contact angle analysis has been used with
conducting polymers on only one occasion**7 and, even then, in a brief
study.
This technique is of great interest for material characterization
as it provides information on the most fundamental of chemical
interactions; that between a solid and a liquid. This can even be extended to
include interactions between a solid and a solution and m a y , therefore,
provide useful information at different levels of complexity. Thus, the
liquid phase could be used as a 'molecular probe' in order to determine the
interactions that occur on conducting polymer surfaces, in a manner similar
to that described for inverse chromatography.
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1.7 OBJECTIVES OF THIS PROJECT
M a n y of the objectives of this project have been alluded to in
the preceding descriptions by reference to areas in which either our
knowledge is inadequate or where there is some indirect evidence for
particular types of interactions on conducting polymers. M a n y of these
gaps in our knowledge have arisen because of an indifference towards
characterizing the chemical interactions of conducting polymers using an
in-situ approach. The aim of this project was to address this deficiency.
Therefore, the primary objective was to use existing techniques and
develop n e w techniques that enabled the types of chemical interactions that
occur on conducting polymers to be characterized. Polypyrrole and
polyaniline were used as the test materials. This was attempted at three
different levels of complexity:
1

Measurement of the total interaction of the polymers with their
environment. In order to do this at the most fundamental level,
pure water was used. This was to provide information on
interactions at the solid-liquid (solvent) level. The most
appropriate characterization technique to use was contact
angle analysis. This study was mainly used to investigate the
effect of varying the components of a polymer system upon
the surface properties that were measured. A s this technique
had not been used extensively with conducting polymers
before, its feasibility for this purpose was also established. A
more comprehensive outline of this part of the project is at the
end of the Introduction to Chapter 2. T h e Results and
Discussion of this work are presented in the same chapter.

2 Measurement of the relative strength of different chemical
interactions on the conducting polymers. This was to help

1
pinpoint any inherent selectivities for each polymer and to
indicate h o w these were influenced by the polymer's
composition and state. This involved exploring the interactions
at the solid-solvent-solute level. The most appropriate method
to study this was inverse chromatography. W e were also
interested in developing thin layer chromatography with
conducting polymers as stationary phases. These two
objectives were combined, although the characterization one
was considered to be the most important. Furthermore, the
feasibility of electrochemical thin layer chromatography was
also investigated. A more detailed project outline appears at
the end of the Introduction to the inverse thin layer
chromatography in Chapter 3. The Results and Discussion
sections of the various studies appear in Chapters 3, 4 and 5.
3

Obtaining evidence for the molecular imprinting of the
counterion species with polypyrrole was of great interest as
this interaction was likely to produce the highest level of
selectivity available on conducting polymers. A variety of
characterization techniques were used in order to detect this
phenomenon. Observations about the suitability of these
techniques and m a n y of the difficulties encountered in trying
to characterize this interaction are made in Chapter 6.

Other characterization techniques were also used wherever necessary to
support or supplement information obtained using the methods mentioned
above.
The general conclusions to this thesis are listed in Chapter 7.
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2 CHARACTERIZATION OF CONDUCTING POLYMERS BY
MEASURING DYNAMIC CONTACT ANGLES WITH
WILHELMY'S PLATE TECHNIQUE
2.1 INTRODUCTION

The amorphous and dynamic nature of conducting polymers
has m a d e characterization of their chemical properties a challenging
prospect. Consequently, m u c h effort has gone into the development of
methods suitable for obtaining information on these n e w materials.
However, a surface analysis technique that has been available since the
early nineteenth century m a y prove to be one of the most useful ways of
characterizing conducting polymers, i.e. contact angle analysis.

2.1.1 THE THEORY OF CONTACT ANGLES

Contact angles arise at the three-phase intersection of a liquid,
its vapour and a solid. They are indicative of the interfacial tensions of the
system, as first described by Young 7 4 5 ' 1 4 9 . Young's equation was then
derived from thermodynamic principles by Gibbs 750 and later clarified by
Johnson757. Young's equation is as follows:
y!v.cose = Ysv-Ysi
where

(2-i)

/is the surface or interfacial tension,

Iv, sv and si refer to the liquid-vapour, solid-vapour and solidliquid interfaces,
6 is the angle between Yiv and%/; the contact angle.
This relation can be observed in practice under m a n y different
conditions, three of which are shown in Figure 2.1. The contact angle

CHAPTER

56

2

remains constant under each of these conditions for any given three-phase
system.

[Al

%

[B]

[C]

Figure 2.1. Contact angles forming under different conditions: [A] a liquid drop
on a horizontal solid surface; [B] a solid surface vertically intersecting a body of
liquid; and [C] a captive vapour bubble at a solid surface within a body of liquid.
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2.1.2 M E A S U R E M E N T AND INTERPRETATION OF CONTACT ANGLES

The measurement of contact angles has several advantages
over other surface analysis methods. It provides an in-situ measurement,
which m a y be undertaken in practical environments, and is indicative of the
conditions encountered in m a n y applications. It also has a high degree of
focus for surface analysis, providing information o n the top
5-10A, compared with 10-50A for electron spectroscopy for chemical
analysis and about 100A for scanning electron microscopy752.
Contact angle measurements

also provide different

information to other surface analysis methods and may, therefore, be used
to complement these techniques. The contact angle has been related to
various properties of the solid-liquid interface, namely, the qualitative
features of wettability747' 142>153, surface roughness747,143> 154>15S and
surface chemical heterogeneity747'744' 754,156, and the thermodynamic
entities of work of adhesion747' 153>757 and surface free energy747'745,
including measurement of the polar and dispersive components of surface
energy74**75*'159.
A number of techniques for the measurement of contact angles
have been developed. Interested readers are directed to a review by
Johnson and Dettre747, which describes m a n y of these (along with other
aspects of contact angles). Varying results m a y sometimes arise when
comparing contact angles measured with different techniques, as the
number of reproducible values obtained can vary. This also introduces
problems in the interpretation of the contact angles, with respect to Young's
equation, as only one contact angle value is predicted by Gibbs' theory. The
phenomenon, whereby a number of stable, reproducible angles can be
measured, is k n o w n as hysteresis. The three most important angles that are
observed are:
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- 6e , the equilibrium contact angle, observed w h e n the threephase interface is at rest,
- 0a, the advancing contact angle, which is associated with the
largest measurable angle and is also observed w h e n the
interface has been advanced over the solid,
- 9r, the receding contact angle, which is associated with the
smallest measurable angle and is also observed w h e n the
interface has receded along the solid.
S o m e methods will give only one contact angle (0e), some two
(6a and 0r) and some will give all three, even w h e n measuring the same
interfacial system. Often the correlation between techniques for the
measurement of the respective contact angles is quite good. However, Perm
and Miller7*0 have cast doubts upon the validity of measuring a stable
equilibrium contact angle for systems exhibiting hysteresis. It has been
observed that introducing additional vibration to a system causes the
advancing and receding contact angles to adopt the same value747'161 and
some workers have described this as a necessary step in order to obtain an
equilibrium contact angle757. Therefore, hysteresis effects are normal on
non-ideal surfaces and 0e is a product of the particular measuring
technique. Consequently, the measurement of both advancing and receding
contact angles is of most use for characterizing the surface chemical
properties of conducting polymers.
The advancing angle has been related to the wettability of the
solid, and the receding angle to the adhesion of liquid to the solid747'757. In
addition, several workers747' 152>754'757 have observed that, for a polar (high
energy) liquid like water, the advancing contact angle is indicative of low
energy areas of the solid, and the receding contact angle indicates the high
energy regions. The reason for this dependence is that, in order to advance
the three-phase interface over a solid surface, work must be performed to
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wet the solid. This work will have to overcome the resistance of the nonpolar (low energy) areas on the solid surface, as these interact with the
water m u c h less strongly than other water molecules do, i.e. adhesion is
less than cohesion757. Therefore, even in a heterogeneous solid surface, the
hydrophobic groups will have a predominant influence on 6a. Conversely,
when the interface is receding, w e are dealing with a wet surface that must
be swept dry and the applied work must overcome the adhesion of the
water to the hydrophilic regions of the surface757. Consequently, these
regions have a major role in the determination of 9r. Therefore, surfaces
that are chemically heterogeneous will exhibit considerable hysteresis
between the advancing and receding contact angles. Hysteresis due to
chemical heterogeneity is independent of time, although the 0 values
obtained in dynamic systems m a y be dependent upon the velocity of the
interface7*2.
There are other causes of hysteresis besides chemical
heterogeneity. The most c o m m o n is surface roughness747' 143> 154>755, which
is also a time-independent influence. However, there is a degree of
roughness below which there is no contribution to the hysteresis747'/54.
Other causes of hysteresis are soaking of the liquid into the solid754 and
reorientation of functional groups after the liquid has advanced over the
surface747. These are time-dependent sources. Hysteresis can also result
from the dissolution of surface films and impurities in the liquid7*5.
The ability to distinguish between time-dependent and timeindependent influences is important. Contact angle measurement
techniques that are dynamic are able to do this as the interface can be
moved at a variable rate. Dynamic contact angles are also less sensitive to
vibration than static angles and are more reproducible as a consequence
but, more importantly, they provide information on the true extent of
hysteresis in a system. Furthermore, dynamic techniques are more
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appropriate for characterization of the interactions in dynamic systems, in
which the liquid will be moving over the solid surface.

2.1.3 WILHELMY'S PLATE TECHNIQUE

A dynamic contact angle method based on Wilhelmy's plate
technique 7 * 4 is widely used. This is a tensiometric method that was
developed for determining the surface tension of a liquid by measuring the
force (weight) exerted on a thin wettable (0 = 0°) plate w h e n emersed from
the liquid. However, in systems for which 0 * 0 ° and the surface tension of
the liquid (%) is known, it is possible to calculate 0 by measuring the
weight of the liquid in the meniscus 7 * 5 , which arises due to the wetting
force. The relation between all the forces exerted on a solid plate partially
immersed in a liquid is given by:
W = Fg + Fw-Fb
where

(2.2)

W is the measured weight (nett force),
Fg is the force due to gravity,
Fw is the wetting force,
Fb is the buoyancy force, which acts in the opposite direction.

This m a y also be written as:
W = m.g + p.yiv.cosd - p.g.d.p
where

m is the mass of the plate,
g is gravity,
p is the perimeter of the plate,
p is the density of the liquid,

(2.3)
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o*is the depth of immersion of the plate,
and the other parameters are as defined earlier.
The significance of the various forces, as the plate is immersed
into the liquid, is shown in Figure 2.2. In [A], the plate is suspended above
the liquid, with F 5 = W-i, F ^ = 0 and Fp = 0. W-i is tared so that, for the
remainder of the experiment, Fg = 0. In [B], the plate just contacts the
liquid and a meniscus is formed (as indicated by the darker shading), with a
contact angle 0. Here, Fg = 0, Fw = W 2 and F& = 0. In [C], the plate is
immersed to a depth d, with the meniscus and 0 not changing (in an ideal
system) and with Fg = 0, Fw = W 2 and Fp = W 3 - W 2 . W 3 decreases as d
increases (recalling that Fp acts in the opposite direction to gravity).

Figure 2.2. The forces acting on a vertical plate as it is immersed in a liq

Fw= 0
Fb = 0
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[B]

w,

FW=\N2
Fb = 0

[C]

Fg = 0
FW=W2
Fb = Wj - W 2

%
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Therefore, as the sample is immersed and emersed, a relation
between W and d arises as shown in Figure 2.3. The immersion response is
the advancing buoyancy slope and the emersion response is the receding
buoyancy slope. The contribution from buoyancy (Fb) is subtracted in each
case by measuring the average gradient and extrapolating to the zero point
of immersion where d= 0, which is depicted in Figure 2.2[B]. At this point,
\N=Fw=p.Jiv.cosQ

and, as p, //v^nd W are measurable quantities, the

contact angle (0) m a y be calculated. This gives 0 a and 0r during immersion
and emersion, respectively.

Weight (W)
p.ylv.cosdr
s/

ope

p.^.cosO,

Zero
Immersion
Depth

Immersion depth (d)

Figure 2.3. An idealized response for a non-ideal surface, showing a plot of
weight vs immersion depth. The initial point of contact between the solid and the
liquid is the zero immersion depth.
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Wilhelmy's plate technique had a number of advantages for
this work. Generally, there are fewer errors and less irreproducibility due to
variation between randomly chosen sampling sites, as whole surfaces are
readily measured. Consequently, trends or gradients in the surface
properties can also be determined. The average contact angle for the whole
surface can be established, as well as contact angles for particular regions
within the surface. The technique does not require high levels of operator
expertise, and shorter experimental times are needed compared with many
other techniques. These advantages have been facilitated by the
development, by Cahn (Cerritos, CA), of a software-driven system capable
of automatically measuring the weight and enabling the contact angle to be
calculated after entering the appropriate parameters. The Cahn system
produces response curves like that in Figure 2.3, except that the axes are
labelled Force and Distance instead of Weight and Immersion depth.
Difficulties can arise with Wilhelmy's method, but these are
well understood and not significant in pure liquids7**.

2.1.4 OBJECTIVES OF THIS STUDY

The main aims of this work were to investigate the feasibility
of performing dynamic contact angle analyses, using Wilhelmy's plate
technique, on conducting polymers, and also to characterize the surface
interaction of these polymers with their environment. As mentioned in
Chapter 1, this technique has been used with conducting polymers on only
one occasion and a study such as that presented here has not been reported
(to the best of our knowledge).
The approach taken involved investigating the influence that
several aspects of the polymers had on the measured contact angles, 0 a and
0/-. Measurements were made of polymers that had been prepared under
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different conditions, with the components of the polymer system and the
electrochemical methods used being varied. T h e conditions that were
varied in turn were:
- the type of monomer,
- the substrate material,
- the counterion that was incorporated,
- the electrochemical polymerization technique used.
The measurements were m a d e in water, which means that the
advancing contact angle can be related to the wettability of the polymers
and that the receding contact angle can be related to the adhesion of water
to the polymer. Current theory suggests that these measurements are
determined, respectively, by the non-polar (low surface energy) regions and
the polar and ionic (high surface energy) regions. T o ensure that these
interpretations were valid, the polymers were prepared from conditions
chosen to minimize the roughness of the surface, which might otherwise
influence the contact angles measured. This meant preparing polymers that
were quite thin7*7, i.e. with a low total charge passed during deposition.
However, even under these conditions the possible influence of the
roughness and other physical characteristics of the polymers, on the contact
angles measured, cannot be discounted entirely.
B y using this approach, observations could be m a d e
concerning particular properties of the polymer materials that were being
investigated and also general features of the technique's performance and
utility.
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2.2 E X P E R I M E N T A L
The experimental description of the work in this chapter can
be divided into two parts; that for the preparation of the polymers and
substrate materials and that for measuring the contact angles. A n y
procedures that were investigated or developed during this work are
described in the Results and Discussion section.

2.2.1 PREPARATION OF THE POLYMERS

2.2.1.1

REAGENTS AND MATERIALS

Monomers
Aniline (Ajax, A R grade) was distilled and mixed with S n C h
solid, which reduces any oxidized impurities. Most of the solid material
was removed by gravity filtration before redistilling and storing in a freezer
under a nitrogen atmosphere. Pyrrole (Sigma, L R grade) was distilled, with
the initial, cloudy fraction being discarded and the remainder collected and
stored in a freezer. The 3-carboxy-4-methylpyrrole7*'118 and 3-carbethoxy4-methylpyrrole77 were synthesized as described elsewhere.
Substrates
Carbon foil (Goodfellows) was cut into 1cm x 2 c m strips and
rinsed with absolute ethanol (AR) and then water before the polymer was
deposited onto them. The glassy carbon (Amcor) was cut into sheets of
approximately equal size, with surface areas ranging from 7.2cm 2 to
8.2cm 2 used for deposition. The perimeters of each plate were accurately
measured. Platinum (Engelheart) sheets that were 2.5cm x 1.5cm were
prepared. Both the glassy carbon and platinum sheets were pretreated in the
following manner, unless described otherwise. Firstly, they were cleaned in
chromosulphuric acid (to remove most of the polymer from the surface).
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They were then polished, with 0.3fim alumina slurry on felt pads (to
remove any remaining polymer) and placed in an ultrasound bath to
remove all traces of alumina. The plates were then dipped in 1:1
HN03:water to remove any remaining organics and to reoxidise the
surface. Finally, they were rinsed thoroughly with water.
Counterions
The aqueous supporting electrolyte solutions were made from
the sodium salts of the various anions. All were of A R grade. Similarly, A R
grade tetrabutylammonium perchlorate was used for m o n o m e r solutions
prepared in acetonitrile.
General
All other reagents were of analytical grade purity and were
used as received. Triple-distilled or deionized water was used throughout
this work. All polymerization solutions were deoxygenated with highpurity nitrogen gas before use.

2.2.1.2

INSTRUMENTATION AND EQUIPMENT

All polymers were deposited using a Princeton Applied
Research (PAR) 363 Galvanostat/Potentiostat. Chronoamperograms and
chronopotentiograms of the polymerization were recorded using Chart
software (ADI) with a MacLab workstation (ADI).
A three-electrode cell of appropriate dimensions was used for
each of the substrates. The working electrode was held in a crocodile clip
with small stainless steel plates on each jaw to improve the contact with the
substrates. A double-junction reference electrode, Ag/AgCl (3M KC1) or
Ag/Ag+

were respectively used for aqueous and acetonitrile

polymerization solutions. T w o sheets of acid-washed reticulated vitreous
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carbon (RVC) were used as counter electrodes and were contacted with
tantalum wire.

2.2.1.3 STANDARD PROCEDURES
All polymerization solutions were deoxygenated for 10
minutes before use. After deposition onto the substrate, the polymers were
rinsed gently with water and then allowed to dry before being rinsed more
thoroughly and dried again.

2.2.2 MEASURING THE CONTACT ANGLES

The dynamic contact angle measurements were carried out
using a Cahn D C A 322 Dynamic Contact Angle Analyzer interfaced with
an IBM compatible computer. The software that controls the instrument and
calculates the contact angle values is supplied with it (Cahn).
The liquid probe used for all experiments was water, with a
surface tension of 72.6 dynes/cm used for all calculations. The platform
speed was set at 24pjn/s for all experiments. The immersion and emersion
cycles were varied as indicated by the figures in the Results and Discussion
section.

2.3 RESULTS AND DISCUSSION
2.3.1 SURFACE PROPERTIES OF DIFFERENT POLYMERS

To measure the contact angles of polymers prepared from
different monomers is the most obvious application of the characterization
technique. T w o experiments were carried out with this aim:
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The surface properties of polyaniline and polypyrrole, which
have very different chemical structures, were compared.

2

T h e contact angles of polypyrrole were compared with
polymers prepared from derivatized pyrrole monomers in
order to determine whether the functional groups had any
influence on the interaction of the polymers with water.
Furthermore, a copolymer of pyrrole and one of the
derivatized monomers w a s prepared to determine if the
properties were intermediate to those of the constituent
polymers.

As these were the first detailed studies of Wilhelmy's plate technique with
conducting polymers, m a n y general observations of the method were also
noted. These are discussed following the description of the two
experiments listed above. In the following sections, general observations
are discussed along with the more specific observations regarding
particular polymer systems.

2.3.1.1

COMPARISON OF POLYPYRROLE AND POLYANILINE

For this experiment, polymer samples were deposited onto
carbon foil substrates. The polymerization solutions used were 0.3M
aniline in 1 M HCl( aq ) and 0.1M pyrrole in 0.1M NaNCtyaq). Samples were
prepared as described below, and are numbered for ease of reference in the
following discussion:
- (i) polyaniline, from galvanostatic growth at 2.5mA/cm 2 for
5min,
- (ii) polyaniline, from galvanostatic growth at 2.5mA/cm 2 for
5min,
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- (iii) polyaniline, from galvanostatic growth at 1.5rnA/cm2 for
5min,
- (iv) polyaniline, from galvanostatic growth at 0.5mA/cm 2 for
5min,
- (v) polypyrrole, from galvanostatic growth at 1 .OmA/cm 2 for
5min,
- (vi) polypyrrole, from galvanostatic growth at 0.5mA/cm 2 for
5min,
- (vii) bare carbon foil.
The cos 0 a and cos0 r measurements obtained for each sample, along with
the calculated 9a, 6r and A0(0 a -Or) values, are listed in Table 2.1 (the0
values used throughout this chapter are as defined on p.55). The forcedistance curves obtained for samples (iii) and (v) are shown in Figures 2.4
and 2.5, respectively.
Table 2.1. Comparison of cos0,0 and A0 values for various
polyaniline and polypyrrole samples and bare carbon foil.
Sample

COS 0a

COS0r

0a

0r

A0

(i) polyaniline

0.95

1.02

18°

u

18°*

(ii) polyaniline

0.91

0.96

24°

16°

8°

(iii) polyaniline

0.79

0.91

38°

24°

14°

(iv) polyaniline

0.66

1.01

49°

u

49°*

(v) polypyrrole

0.12

0.93

83°

21°

62°

(vi) polypyrrole

0.05

0.86

87°

31°

56°

(vii) carbon foil

-0.03

0.75

92°

41°

51°

u is an undefined value of 0 for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0= 0°.
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Figure 2.4. Force-distance plot for (iii) polyaniline (HCI) on carb
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Figure 2.5. Force-distance plot for (v) polypyrrole (NO3-) on carbon foil.
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Several important observations can be made from the results
listed in Table 2.1. Firstly, a comparison of 6a values for the polyaniline
and polypyrrole samples reveals that the polyaniline samples gave
considerably lower results. This indicates that polypyrrole has a m u c h
lower wettability than polyaniline and is, therefore, a more hydrophobic
material. There are several possible causes of this trait:
1 The polypyrrole has a much higher proportion of non-polar
sites than the polyaniline (recalling that the advancing angle
was more sensitive to, and therefore largely determined by, the
presence of non-polar [low energy] functional groups).
2

There is a difference in the physical interaction between each
polymer and the water, with the polyaniline being more porous
and therefore more wettable than the polypyrrole. This
phenomenon is one of absorption and is dependent upon both
the physical and chemical characteristics of the polymers.

3

The polypyrrole has a higher degree of roughness than the
polyaniline, which has accentuated the hysteresis effect in the
former, thus producing the higher 6a values.

4 There is a difference in the dynamic nature of the polymers.
For example, polyaniline could be rearranging its structure in
order to present a more hydrophilic surface more rapidly as the
water interface advances over it.
Each of these possibilities is likely, based solely on the 9a values. Therefore
other factors should also be considered.
The 0r values for the polypyrrole and polyaniline samples are
more similar in value (except for those polyaniline samples that gave an
undefined value, signifying a completely wet surface). This indicates that
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the interactions due to hydrophilic sites are of a similar magnitude, as 0r is
determined by the high energy regions of a surface. Therefore, the adhesion
of water to each polymer is similar. A s a result of this, the hysteresis (At?)
for polyaniline is less than that for polypyrrole.
The difference in the interaction of the surfaces of polypyrrole
and polyaniline with water can also be readily determined, in a qualitative
fashion, by comparing the force-distance plots obtained (Figures 2.4 and
2.5). The importance of using these plots in the interpretation will be
discussed further in Section 2.3.1.3.
These results, alone, do not allow a confident prediction to be
made concerning the causes of the greater wettability of polyaniline over
polypyrrole. It is likely that a combination of the listed phenomena occurs.
Other characterization techniques could be used to test the importance of
each. However, a possible indication of the cause was the trend, which was
most consistent for the 0a values, whereby the contact angle values
decreased as the polymers were prepared from higher current densities.
This would suggest that the physical properties of the polymers are
influencing the contact angle measured, as it is well k n o w n that the rate of
polymerization and total charge passed influences the polymer
morphology*1'168.
Further evidence in support of this proposition was obtained
from an experiment in which polyaniline (HC1) was deposited onto glassy
carbon electrodes and tested. Although the current densities used in the
polymerization were similar to those described for the carbon foil
substrates, it was observed visually that the morphology of the polyaniline
was very different on the glassy carbon. The polymers were quite porous
and absorbed water to the extent that capillary rise through the polymer
occurred, and at a rate greater than the immersion of the plate into the
liquid. This, of course, interfered with the measurement of the contact
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angle by causing the Fg component of the total force to constantly increase.
Therefore, Fw could not be measured and undefined values for the contact
angles were obtained for every sample. For this reason, polyaniline was not
used for any further experiments with this technique.
A s will be indicated by results to follow, polypyrrole did not
exhibit similar behaviour on the glassy carbon substrate. Therefore, it could
be assumed that a similar interaction was occurring with polyaniline on the
carbon foil substrates, but to a lesser extent. Thus, the most probable cause
of the different contact angles measured is the absorption of water into the
polyaniline which, in effect, m a d e it a m o r e wettable surface than
polypyrrole. (These observations were confirmed during the development
of thin layer chromatography, as described in Chapter 3).
Another worthwhile comparison can also be m a d e between the
polymer surfaces and the bare carbon foil. The carbon foil had a 0aoi 92°,
which signifies a slightly non-wetting surface. This indicates a high
proportion of non-polar sites. The receding angle w a s also significantly
higher than that for the polymer surfaces, indicating a lower proportion of
high energy centres in the carbon foil. Both these results indicate that the
carbon foil is more hydrophobic than either of the polymers studied.

2.3.1.2

COMPARISON OF POLYMERS PREPARED FROM PYRROLE AND

PYRROLE DERIVATIVES

A number of derivatives of pyrrole have been synthesized in
order to introduce particular chemical interactions to the conducting
polymers, as described in Chapter 1. S o m e of these were investigated with
Wilhelmy's plate technique to establish whether the contact angles were
influenced by the additional functional groups. The monomers studied were
pyrrole, 3-carboxy-4-methylpyrrole ( C M P ) and 3-carbethoxy-4-methyl-
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pyrrole (CEMP). The chemical structures of these monomers are shown in
Figure 2.6. The main interaction induced by the derivatization of pyrrole
was an increase in the hydrogen-bonding due to the functional groups
containing oxygen. Therefore, with water as the liquid probe, a decrease in
the contact angles was expected for polymers prepared from these
monomers compared with polypyrrole. A copolymer of pyrrole and
polyCMP was also prepared to establish if the properties were intermediate
to those of the constituent polymers.

H
H^N
H H

H

H

H
N

H

H

H
N

H

WR. CH3 HC'°-C CH3

pyrrole CMP CEMP
Figure 2.6. Chemical structure of pyrrole, 3-carboxy-4-methylpyrrole (CMP) and
3-carbethoxy-4-methylpyrrole (CEMP).

For these experiments, glassy carbon plates were used. A s the
derivatized monomers are not very soluble in water, polymerization was
carried out in acetonitrile ( A C N ) . The samples were prepared in the
following manners:
- (i) polypyrrole, prepared from 0.1M pyrrole in 0.1M
tetrabutylammonium perchlorate T B A P ( A C N ) by potentiostatic
polymerization at +1.2V until 3.0C charge had been passed,
- (ii) a polypyrrole-polyCMP copolymer, prepared from 0.1M
pyrrole, 0.1M C M P in 0.1 M

TBAP(ACN)

by potentiostatic

polymerization at +1.2V until 2.0C charge had passed,
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- (iii) a layered polymer prepared by depositing polypyrrole
from 0.1M pyrrole in 0.1 M NaN03 ( a q ) by galvanostatic
polymerization at I m A / c m 2 for lmin and then depositing a
layer of polyCMP from 0.1M C M P in 0.1 M

TBAP(ACN)

by

galvanostatic polymerization at 5 m A / c m 2 for lOmin,
- (iv) polyCEMP, prepared from 0.1M C E M P in 0.1M

TBAP(ACN)

by potentiostatic polymerization at +1.5V for lmin,
- (v) bare glassy carbon.
The cos 0a, cos 0r, 0a, 0 r and A lvalues obtained for each sample are listed
in Table 2.2. The force-distance curves obtained for each of the polymer
samples are shown in Figures 2.7, 2.8, 2.9 and 2.10. (The unbroken line is
the curve obtained during the first cycle, the broken line that obtained
during the second cycle. This format is used in all further figures depicting
two cycles. Note, also, that only the contact angles from the first cycle are
used in Table 2.2, for reasons that are outlined later on.)

Table 2.2. Comparison of cos0,0 and A0 values for polypyrrole, poly-3-carboxy4-methylpyrrole ( P C M P ) and poly-3-carbethoxy-4-methylpyrrole

(PCEMP)

and

bare glassy carbon.
Sample

cos 0 a

COS0 r

0a

Br

A0

(i) polypyrrole

0.09

1.08

85°

u

85°*

(ii) polypyrrole/PCMP

0.48

1.01

61°

u

61°*

(iii) P C M P

0.60

1.01

53°

u

53°*

(iv) PCEMP

0.39

1.02

67°

u

67°*

(v) glassy carbon

0.14

1.03

82°

u

82°*

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0°.
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Figure 2.7. Force-distance plot for polypyrrole (CI04-) on glassy carbon.

350

Force (mg)

0

2

4

6

8

10

12

14

Distance (mm)
Figure 2.8. Force-distance plot for polypyrrole-PCMP (CIO4-) on glassy carbon.
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Figure 2.10. Force-distance plot for P C E M P (CIO4") on glassy carbon.
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The first observation that can be m a d e is that the 0r values are
all undefined, i.e. the water adheres strongly to the polymer, which seems
to be a trait for virtually all polymers on the glassy carbon substrate.
Therefore, only 0a is of use for diagnostic purposes, as discussed below.
These results indicate that the functional groups on polyCMP
and polyCEMP do act to increase the hydrogen-bonding interactions of the
conducting polymers, as the 0 a values with each of these are less than that
for polypyrrole. Furthermore, the magnitude of the trend is very close to
what could have been predicted from an analysis of the functional groups
on the monomers. C M P has a carboxyl group which would increase the
polar interactions that occur with water and, in particular, the hydrogenbonding. The polypyrrole-polyCMP copolymer gave a 0a that was between
the values obtained for the separate polymers. This indicates that a good
copolymer had formed, with a significant proportion of the C M P constituent
present.
Likewise, the polyCEMP has an ethoxy functional group which
also increases the hydrogen-bonding sites relative to polypyrrole. However,
the decrease in 0a is less than that for the polyCMP, or even for the
copolymer. This is probably because of the presence of the additional ethyl
group, which is non-polar, and would act to decrease the wettability of the
polymer.
This trend is confirmed by the force-distance curves obtained,
as indicated by the changing position of the advancing buoyancy slope for
the first cycle. For these experiments, a second cycle was also performed.
N o attempt has been m a d e to interpret the results for the second cycle or
even to measure the contact angles because, often, the slope did not reach a
stable value. However, it is still apparent that the behaviour of the second
scan varied enormously with each sample, which is a significant result. The
importance of this feature of the plots is discussed more in Section 2.3.1.3.
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Overall, these results are more conclusive than those obtained
in the previous section where polyaniline and polypyrrole were compared.
This is partly due to the fact that some predictions could be m a d e for the
different pyrrole m o n o m e r s and the results supported these predictions.
Therefore, Wilhelmy's plate technique is probably more useful for
recording trends in similar polymers where the other factors that influence
the contact angles measured are not as significant because the physical
properties differ less. The results can, therefore, be related to the chemical
interactions that occur on the polymers with more certainty.
The results of this experiment were also interesting with
respect to the interpretation of 0a and 0r. It is a commonly held view that 0a
is dependent predominantly upon low energy regions. Applying this to the
experiment described here, the 0a values for p o l y C M P and p o l y C E M P
probably should have been higher than that for polypyrrole, given the
presence of the extra methyl group in each, plus an ethyl group for
polyCEMP. These groups would have increased the dispersion interactions
(low energy) for each of the polymers. However, the 0a values were
actually observed to decrease. This implies that, at least for these materials,
the 0a measurement is not as sensitive to the non-polar groups, over the
more polar groups. Therefore, in this study, the 0a will be considered, only,
as a measure of the total wettability of the surface, with all of the molecular
interactions that determine this property considered to contribute equally.
Another interesting observation was that the glassy carbon
seems to be less hydrophobic than the carbon foil used in the previous
study. The 0 a w a s slightly less, indicating that the wetting properties were
not all that different. However, the 0r was very different, with an undefined
value obtained for the glassy carbon compared with 41° for the carbon foil.
This indicates that water adheres m u c h more strongly to the glassy carbon,
probably because of the presence of polar functional groups at the glassy
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carbon surface, which are k n o w n to form under oxidizing conditions like
those used here.

2.3.1.3

GENERAL OBSERVATIONS ON THE USE OF WILHELMY'S

PLATE TECHNIQUE WITH CONDUCTING POLYMERS

A number of general observations about the utility and
performance of Wilhelmy's plate technique, as well as the observations
regarding particular polymer systems, were able to be m a d e from the
results obtained. A consistent observation was that, for the force-distance
curves, the advancing buoyancy slope (obtained during immersion) tended
to have a greater number of, and more significant, fluctuations than the
receding buoyancy slope (obtained during emersion). S o m e even better
examples of this appear in the following sections.
These fluctuations are attributed to local variations in the
roughness of, and/or chemical interactions at, the surface. The reason for
the exaggerated fluctuation during the immersion scan is the different
mechanisms by which an interface is advanced and receded over a
surface142. The advancing angle roughness m a y be attributed to a pushing
mechanism which produces a jerky motion as the interface advances to a
point (assumed to be a low-energy site) and is then halted, with the contact
angle increasing as the bulk liquid continues to advance, until a critical
angle is reached and the interface advances again, returning to the contact
angle determined by the various interfacial tensions242'166. In contrast, the
receding angle involves a pulling mechanism which produces a m u c h
smoother and more uniform movement of the interface742.
Although it can sometimes produce a noisy curve, using
Wilhelmy's plate technique with a moving interface readily enables trends
and variation over a whole surface to be recorded. This is apparent from the
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trace shown in Figure 2.5, in which the advancing buoyancy slope varies
considerably before settling d o w n somewhat at a depth of about 7 m m .
W h e n this occurs, the entire curve can be selected in order to measure the
average contact angle, or sections of the curve can be selected to enable the
contact angles of different regions to be compared, as was done to obtain
the results listed in Table 2.1 for sample (v), with the more stable part of
the curve used to calculate 0a. Furthermore, regions that exhibit erratic
behaviour, which usually arise at the edges of the polymer plates, can be
disregarded, if required, in the contact angle measurement. However, these
regions are still important to the overall properties of the plate and
therefore the force-distance curve should be displayed as well as the
contact angle whenever relevant.
Another important observation, that was m a d e during the
measurements reported in Section 2.3.1.2, was the usefulness of carrying
out two measurement cycles. The force-distance curves obtained during
this experiment indicate that the 0a measured on the second cycle will often
vary significantly from that obtained during the first immersion scan. This
phenomenon represents the difference between the wetting behaviour of a
completely dry surface and one that is wet, having recently been exposed to
the liquid probe. Information on this feature m a y well be of importance for
particular applications and should, therefore, be recorded by using at least
two cycles and making sure that the second cycle is allowed to stabilize.
This will be carried out for all further experiments in this study.
O n e noteworthy point, concerning the values used for the
interpretation, is the problem w h e n cosfl is greater than 1; the calculated 0
value is then undefinable. Although 0 =0° could be used for all such values,
an alternative possibility is to use the cos0 values for the interpretation,
which always give a numerical value and furthermore is more directly
related to the interfacial tensions as represented by Young's equation (2.1).
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After the cosine function is performed to obtain 0, the linearity of the
values becomes distorted.

2.3.2 T H E E F F E C T O F T H E S U B S T R A T E MATERIAL O N T H E C O N T A C T
ANGLES M E A S U R E D
S o m e of the ways that the substrate material, onto which
polymers were deposited, affected the contact angles measured were noted
in the preceding sections. A number of experiments that were carried out to
directly ascertain the importance of this influence are described here.
1 Glassy carbon and carbon foil substrates were used in the work
described so far. Platinum is added to these for the purpose of
this study. Polypyrrole was chosen as the polymer to be used
in the study, with N O 3 - and dodecylsulphate (DS_) counterions.
These polymers were deposited onto each of the substrate
materials, using similar polymerization conditions.
2

Another study looked at the contact angles obtained from bare
substrate materials to establish their reproducibility when
prepared under the same conditions. The effect of varying the
pretreatment conditions on the contact angles measured for a
bare substrate was then determined.

3

Finally, the effect of the pretreatment conditions of the
substrate, on the contact angles measured for a polymer
deposited onto it, was determined.
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2.3.2.1 THE EFFECT OF USING DIFFERENT SUBSTRATES ON THE
CONTACT ANGLES OF THE POLYMERS
Coatings of polypyrrole (NO3-) and polypyrrole (DS") were
deposited onto sheets of the three substrate materials; carbon foil, glassy
carbon and platinum. Polypyrrole (NO3-) was deposited from a solution of
0.1M pyrrole in 0.1 M NaN03( a q ) and polypyrrole (DS-) was prepared from
0.1M pyrrole and 0.1 M sodium dodecylsulphate(aq). The polymers were all
prepared by galvanostatic polymerization at I m A / c m 2 current density for
5min. The samples were numbered as below:
- (i) polypyrrole (NO3-) on carbon foil (the results for the same
polymer as reported in Section 2.3.1.1 were used),
- (ii) polypyrrole (NO3-) on glassy carbon,
- (iii) polypyrrole (NO3-) on platinum,
- (iv) polypyrrole (DS") on carbon foil,
- (v) polypyrrole (DS-) on glassy carbon,
- (vi) polypyrrole (DS-) on platinum.
The results obtained with these samples are shown in Table 2.3 and the
force-distance curves for the polypyrrole (DS-) samples (iv), (v) and (vi) are
shown in Figures 2.11, 2.12, and 2.13.
These results indicate that the substrate material has a very
significant influence upon the surface properties of the polymers deposited
onto them. The contact angles for each polymer, on the various substrates,
are quite diverse. Not only do the absolute values of the contact angles
vary, but their relative positions do as well. For example, with polypyrrole
(NO3-), the most hydrophobic form was on the platinum, with that on the
carbon foil being marginally less so. However, the polypyrrole (NO3-) on
the glassy carbon was m u c h more wettable and water also adhered to the
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polymer on this substrate to a greater extent. Therefore, it could be
concluded that glassy carbon produces polymers that interact most strongly
with water (i.e. are most hydrophilic) and platinum produces polymers that
interact most weakly with water.

Table 2.3. Comparison of cos0,0 and At? values for polypyrrole (NO3-) and
polypyrrole (DS*) on carbon foil (CF), glassy carbon (GC) and platinum (Pt).
cos0 a

COS0 r

ea

&r

A0

(i) CF/PP(N0 3 -)#

7)0.12

0.93

83°

21°

62°

(ii) GC/PP(N0 3 -)

7)0.52

1.02

59°

u

59°*

2) 0.57

1.02

55°

u

55°*

1) -0.09

0.73

95°

43°

52°

2) -0.12

0.73

97°

43°

54°

(iv) CF/PP(DS-)#

1) 0.74

0.84

42°

33°

9°

(v) GC/PP(DS")

7)0.02

0.97

89°

14°

75°

2) -0.03

0.98

92°

11°

81°

1) 0.16

0.98

81°

12°

69°

2) 0.31

0.98

72°

10°

62°

Sample

(iii) Pt/PP(N03-)

(vi) Pt/PP(DS")

u is an undefined value of t?for the function f(0) = cos0.
# these samples were investigated with only one cycle.
* is an estimate based upon the assumption that u is equivalent to 0 = 0C
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Figure 2.12. Force-distance plot for polypyrrole (DS") on glassy carbon.
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Figure 2.13. Force-distance plot for polypyrrole (DS") on platinum.

However, the results obtained for polypyrrole (DS") do not
support this observation. The most hydrophobic form of this polymer was
that deposited onto the glassy carbon, with the form deposited on the
platinum being slightly less so. The results for the polypyrrole (DS") on the
carbon foil were rather unusual, compared with all other results obtained to
date. The 9a indicated a moderate wettability, but m u c h greater than that
for the polymer on glassy carbon and platinum. In contrast, the 9r value
was significantly higher than those for the other substrates, with the result
that the hysteresis observed was considerably less than that for all the other
polymers.
These results indicate that the substrates do have an influence
upon the surface properties of the polypyrrole, but one that is also
dependent upon the nature of the counterion that is incorporated. This
suggests that, during the polymerization and deposition steps, the surface

CHAPTER 2

properties of the polymer are determined by the interaction between the
substrate material and the initial pyrrole oligomer-counterion complexes.
The properties of further layers of polypyrrole are, in turn, determined by
the properties of the preceding layer. Thus the substrate can influence the
interactions at the polymer-solution interface, even in quite thick polymers.
T h e force-distance curves for the polypyrrole (DS~) samples
also illustrate another aspect of this technique. A s the substrates had
different perimeters, and as the perimeter is only taken into account after
the y-intercept has been calculated (see Figure 2.3 and the accompanying
description), the force-distance curves have different scales. Therefore, it is
not appropriate to compare them directly and, in this situation, the contact
angles are the most useful form of comparison. However, the plots still
give an indication of unusual surface characteristics. For instance, the first
advancing plot of the polypyrrole (DS") on glassy carbon (Figure 2.12) is
especially rough and this sample also gave the largest hysteresis value.
This could indicate that the interface advancement was being held up by
regions of intense hydrophobic interactions due to the surfactant counterion
having its polar head in the polymer and its non-polar (hydrophobic) end
interacting with the advancing aqueous phase.
The unusual behaviour of the polymer deposited onto the
carbon foil has already been discussed. These results indicate that the
surfactant counterion is capable of imparting either hydrophobic or
hydrophilic properties upon the polymer, depending upon the substrate
material. This could be due to a different orientation of the surfactant
counterion within the polymer for each substrate. A comparison of the
results for bare carbon foil (Table 2.1) and bare glassy carbon (Table 2.2)
indicate that carbon foil has a m u c h more hydrophobic surface. Therefore,
the surfactant counterions could be expected to align themselves more with
the non-polar end towards the substrate and the charged end towards the
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solution on the carbon foil material. This could explain the difference in t
surface interactions between the polymers on these two substrates.
O f the three substrates, carbon foil is the least suitable for use
with this technique because it cannot be reused and is soft and flexible.
This did not cause any difficulties with the results selected for presentation
here, but was a problem in a significant number of other measurements
where the foil did not enter the liquid perpendicularly and tended to bend
and 'float' upon the surface. Therefore, it was not considered for further
experiments and the platinum and glassy carbon substrates were used, as
they could be cleaned and reused, could be pretreated in a number of
different ways, and were rigid.

2.3.2.2 THE EFFECT OF THE SUBSTRATE PRETREATMENT UPON THE
SURFACE PROPERTIES OF THE SUBSTRATES
In order to determine the importance of the substrate
pretreatment method used, the surface properties of the bare substrates
were measured. Glassy carbon samples were pretreated, all in the same
manner (as described in the Experimental section) and the contact angles
for each sample were compared to ascertain the reproducibility of the
surfaces. Platinum substrates, on the other hand, were pretreated in two
different manners (to form oxidized and reduced surface layers) and the
effect of this on the contact angles was also determined.
The results of the test with glassy carbon are shown in Table
2.4. These are interesting because there is quite a large variation in the
contact angles recorded for the different substrates. This indicated that
either each glassy carbon sample had different surface properties (which is
possible; it is well k n o w n that different glassy carbon electrodes have
different electrochemical characteristics1^) or that the contact angle
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method w a s extremely sensitive to minute differences in the surface
properties (which it was beyond the capability of the pretreatment method
used to overcome). T h e 0ai values varied m u c h more than the 0a2 values
which supported the latter explanation. Also, a comparison of the contact
angles obtained for polypyrrole samples, grown under identical conditions
on the glassy carbon samples used here, indicated that there was no
correlation between the relative values of the measured contact angles and
the particular glassy carbon substrate used. These observations both
suggest that the variation m a y be due to the sensitivity of the measurement
method to minute differences and/or changes in the surface properties
rather than because of inherent differences in the glassy carbon material
between each sample.

Table 2.4. Comparison of cos0,0and A0values for
different glassy carbon substrates.
Sample
(i) glassy carbon

(ii) glassy carbon

(iii) glassy carbon

(iv) glassy carbon

(v) glassy carbon

cos 0 a

cos0 f

0a

0r

Ad

1) 0.33

0.96

71°

16°

55°

2) 0.39

1.00

67°

0°

67°

1) 0.74

1.00

42°

0°

42°

2) 0.48

1.00

61°

4°

57°

1) 0.82

1.04

34°

u

34°*

2) 0.50

1.04

60°

u

60°*

1) 0.37

0.90

68°

25°

43°

2) 0.26

0.96

75°

16°

59°

1) 0.64

0.99

50°

9°

41°

2) 0.37

1.03

68°

u

68°*

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0= 0°.
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The results for the tests with platinum are shown in Table 2.5.
The pretreatment method to prepare the oxidized platinum surface was as
described in the Experimental section. The reduced platinum surfaces were
obtained by electrochemical reduction in 1 M N a N 0 3 at -1.2V until the
negative current dropped off and stabilized. The samples were treated and
numbered as follows:
- (i) and (ii) oxidized platinum,
- (iii) and (iv) reduced platinum.

Table 2.5. Comparison of cos0,0and A0 values for platinum
substrates that had been either oxidized or reduced.
Sample cos0a cos0r 6a Br A0
(i) oxidized platinum

(ii) oxidized platinum

(iii) reduced platinum

(iv) reduced platinum

1) 0.56

1.02

56°

u

56°*

2) 0.57

1.00

55°

0°

55°

1) 0.53

1.02

58°

u

58°*

2) 0.57

1.00

55°

3°

52°

1) 0.24

0.95

76°

18°

58°

2) 0.36

0.89

69°

27°

42°

1) 0.45

1.02

63°

u

63°*

2) 0.41

1.01

66°

u

66°*

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0= 0°.

These results suggest an obvious correlation between the
pretreatment method and the measured surface properties, with the reduced
platinum giving results suggesting a more hydrophobic surface. This was
expected, as the oxide layers had been removed from the surface, which
would decrease the molecular interactions due to hydrogen-bonding and
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produce a weaker interaction with the water. The results for the reduced
platinum differed slightly, more so than for the oxidized platinum, as if one
had been reduced to a greater extent despite the similar pretreatments used.
This process m a y be m a d e more reproducible by measuring the actual
charge passed during the reduction and maintaining it at a constant level.

2.3.2.3 THE EFFECT OF THE SUBSTRATE PRETREATMENT UPON THE
S U R F A C E PROPERTIES O F P O L Y M E R S DEPOSITED O N T O T H E M
The effect of using different pretreatment methods for the
platinum by measuring the surface properties of polymers deposited onto it
was determined using polypyrrole (CI-) and polypyrrole (NO3-). The
polymers were prepared from solutions that were 0.1M pyrrole and 0.1M
counterion, by galvanostatic polymerization at I m A / c m 2 current density
for 5min, on both oxidized and reduced platinum substrates. The platinum
was reduced according to the method described in the previous section, but
until a constant charge had been passed. The samples were numbered as
follows:
- (i) polypyrrole (NO3-) on oxidized platinum,
- (ii) polypyrrole (NO3-) on reduced platinum,
- (iii) polypyrrole (CI-) on oxidized platinum,
- (iv) polypyrrole (CI-) on reduced platinum.
The contact angles are shown in Table 2.6.
These results indicate that the pretreatment of the substrate
does have an influence on the surface properties of the conducting
polymers deposited onto them, although it was again different for each of
the counterions used. The most notable difference is for the second
advancing buoyancy slope, as the other areas of the curves are quite
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similar. This w a s reflected in the contact angles measured also and w a s
particularly notable with the polypyrrole (CI-) samples, for which the forcedistance curves are shown in Figures 2.14 and 2.15.

Table 2.6. Comparison of cos0,0 and A 0 values for polypyrrole (NO3-) and
polypyrrole (CI") deposited onto oxidized and reduced samples of platinum.
cos 0 a

COS0r

9a

0r

Ad

1) 0.62

0.997

52°

5°

47°

oxidized platinum

2) 0.69

0.997

46°

5°

41°

(ii) PP/(N0 3 -) on

7)0.66

1.01

49°

u

49°*

reduced platinum

2) 0.48

1.01

61°

u

61°*

(iii) PP/(CI") on

7)0.81

0.99

36°

8°

24°

oxidized platinum

2) 0.67

0.99

48°

8°

40°

(iv) PP/(Ch) on

1) 0.79

1.04

38°

u

38°*

reduced platinum

2) 1.07

1.04

u

u

0°*

Sample
(i) PP/(N0 3 -) on

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0°.
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Figure 2.14. Force-distance plot for polypyrrole (CI-) on oxidized platinum.
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Figure 2.15. Force-distance plot for polypyrrole (CI-) on reduced platinum.
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In particular, the polymer on reduced platinum exhibited
unusual wetting properties for the second advancing buoyancy slope, with
the force reading virtually retracing that of the receding buoyancy slope.
For these experiments, the sample was immersed to a greater depth on the
second cycle and, once dry regions of the polymer were wetted, the
behaviour of the first advancing buoyancy slope was observed again. This
indicates that, on the reduced substrate, the water adheres quite strongly to
the polypyrrole (CI-), resulting in a very high wettability for the polymer
once it was exposed to water. The receding cos0 values are even
significantly higher than for the other polymer systems. Also, the weight of
the polymer sample, after it has been completely removed from the liquid
probe, was higher than for the dry sample, and to a m u c h greater extent
than occurred with other samples. This suggests that absorption of water
into the polymer was occurring, which would account for the wetting
properties observed. This phenomenon was not observed for polypyrrole
(CI-) on the oxidized platinum. The opposite occurred, in fact, with the
second advancing buoyancy slope indicating a less wettable polymer.
A difference that was more subtle, and also the opposite in
effect, was observed for polypyrrole (NO3-). Here, the second advancing
slope, and 9a2 for the polymer deposited onto the reduced platinum,
indicated a less wettable polymer, whereas it was more wettable during the
second cycle on the oxidized platinum. The wetting properties for the dry
region in the second cycle also reverted to those of the first cycle for these
samples.
These results indicate that the pretreatment of the platinum
substrate affects the wetting properties, particularly the difference between
the dry and wet states of the polymers. However, the effect varied with the
counterion species used, being the opposite for CI - and NO3-. Therefore, no
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conclusions can be m a d e other than that the pretreatment of the substrate
does influence the properties of the polymer deposited onto them.
Another interesting observation, which did not concern the
surface properties of the polymer (but rather the adhesion of the polymer to
the substrate) was that the polymers that were deposited onto the oxidized
platinum were more difficult to remove (with the chromosulphuric acid)
than those deposited onto the reduced surface. This was observed
repeatedly, although it was not able to be measured in any way, and is
consistent with the proposed bonding of polymers to platinum through a
covalent oxygen linkage170.

2.3.3 THE EFFECT OF THE COUNTERION SPECIES ON THE POLYMERS'
S U R F A C E PROPERTIES
The effect of the m o n o m e r type and the substrate on the
surface properties of the conducting polymers has already been discussed.
The other main component of the polymer systems are the counterion
species. It was reported in Chapter 1 that the counterion influences the
electrical and physical properties of conducting polymers. Counterions
have also been used to induce desired chemical properties for particular
applications. Therefore, it was worth investigating the effect of the
counterion species on the molecular interactions of the polymer with water.
A diverse range of counterions was chosen for this study,
including counterions that possess very different molecular structures:
NO3-, C1-, CIO4-, PTS- (p-toluenesulphonate) and DS". The polypyrrole was
prepared from solutions that were 0.1M pyrrole and 0.1M in the
counterion. Galvanostatic growth was used with a current density of
I m A / c m 2 applied for 5min in each case. The following samples were
prepared on both glassy carbon and platinum (oxidized) substrates:
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- (i) polypyrrole (NO3") on glassy carbon,
- (ii) polypyrrole (CI-) on glassy carbon,
- (iii) polypyrrole (CIO4-) on glassy carbon,
- (iv) polypyrrole (PTS-) on glassy carbon,
- (v) polypyrrole (DS-) on glassy carbon,
- (vi) polypyrrole (NO3 - ) on platinum,
- (vii) polypyrrole (CI-) on platinum,
- (viii) polypyrrole (CIO4-) on platinum,
- (ix) polypyrrole (PTS-) on platinum,
- (x) polypyrrole (DS-) on platinum.
Chronopotentiograms were recorded for each polymer in order to allow
correlations between the potential drawn during polymerization and the
observed surface properties of the resulting polymers to be made. The
results of the contact angle measurements are shown in Tables 2.7 and 2.8.
These samples were tested m a n y times over. The values shown are for the
sample with the results closest to the average values.
The 9a results for polypyrrole (NO3-) on glassy carbon were
tremendously variable. The sample included in Table 2.7 had advancing
contact angles quite close to the average values for each of the samples
(54°, 71°). However, there was a standard deviation of up to ±22° for all of
the advancing contact angles measured. Even the relative positions of the
first and second advancing buoyancy slopes varied considerably, with some
second scans indicating a more wettable polymer and others a less wettable
one.
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Table 2.7. Comparison of cos0,0 and A0values for polypyrrole with various
counterions on glassy carbon.
Sample

cos0a

cos0r

6a

er

Ad

(i) N 0 3 -

1) 0.64

1.01

50°

u

50°*

2)0.19

1.01

79°

u

79°*

1) 0.71

1.03

45°

u

45°*

2) 0.42

1.04

65°

u

65°*

7) 0.56

1.02

56°

u

56°*

2) 0.36

1.01

69°

u

69°*

1) 0.42

1.01

65°

u

65°*

2) 0.21

1.01

78°

u

78°*

1) 0.48

1.00

61°

0°

61°

2)0.12

1.00

83°

0°

83°

(ii) ci-

(iii) CI0 4 -

(iv) PTS"

(V) DS"

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0°.

There was no correlation observed between the potentials
drawn during polymerization and the contact angles measured. In fact, the
chronopotentiograms were considerably m o r e reproducible than the forcedistance curves. This suggests that Wilhelmy's plate technique w a s m u c h
more sensitive to the interfacial properties than chronopotentiometry was.
For polypyrrole (CI-) on glassy carbon, the results were similar
in terms of the variation, with a standard deviation of about ±15° relative to
the average (46°, 52°) for the R v a l u e s . Generally, these results gave 9a
values less than those with (NO3 - ).
T h e results for polypyrrole (CIO4-) o n glassy carbon were
m u c h m o r e reproducible than with the N O 3 - and CI - counterions. T h e
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average 9a values (55°, 67°) were very close to the values for sample (iii),
and the other samples did not vary a great deal. The average contact angles
are also similar to those of N O 3 - , thereby indicating a similar degree of
wettability. This is not surprising, as CIO4 - and N 0 3 - would contribute
similar molecular interactions to the polymer; more similar than any of the
other counterions used in this study.
The counterion, PTS - , has been observed to induce quite
remarkable physical characteristics to polypyrrole22. The contact angle
values, however, do not give any indication of this, the average 9a values
(59°, 74°) being rather similar to those for N O 3 - and CIO4". The forcedistance curves are also similar to those for the other counterions tested,
despite the counterion being considerably different in its physical and
chemical properties.
For polypyrrole (DS - ) on glassy carbon, there was also a wide
range of results obtained. The average 9a values (68°, 75°) had standard
deviations of well over ±20°. Overall, the polymer had 9a values higher
than for most of the other counterions, with only polypyrrole (NO3-) values
for the second contact angle being comparable. The average for PTS - was
actually higher, but these values were all similar and did not reach the very
high values, even over 90°, that were observed with DS".
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Table 2.8. Comparison of cos0,0 and A0 values for polypyrrole with various
counterions on oxidized platinum.
Sample cos0a cos0r 0a 0r A0
(vi) N 0 3 -

(vii) CI-

(viii) CIO4-

(ix) PTS"

(x) DS"

7)0.61

1.00

52°

0°

52°

2) 0.39

1.00

67°

0°

67°

1) 0.71

1.02

45°

u

45°*

2) 0.22

1.01

77°

u

77°*

7)0.21

0.97

78°

15°

63°

2) 0.97

0.96

14°

16°

-2°

1) 0.28

0.98

74°

12°

62°

2) 0.64

0.98

50°

10°

40°

7)0.16

0.98

81°

12°

69°

2) 0.31

0.98

72°

10°

62°

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0 C

M o s t of the counterions behaved s o m e w h a t differently o n the
platinum substrate c o m p a r e d with the glassy carbon, as w a s observed
earlier. T h e m o s t notable example of this w a s that of polypyrrole (CIO4 - )
(viii). It behaved in a similar m a n n e r to the polypyrrole (CI - ) that w a s
deposited onto the reduced platinum; the second advancing buoyancy slope
retraced the receding b u o y a n c y slope until the sample w a s i m m e r s e d
further u p o n the second cycle, at w h i c h point it gave a curve that w a s an
extension of the first scan. T h e force-distance plot for this polymer is
shown in Figure 2.16. O n c e again, a large difference w a s observed between
the initial and final force readings with the sample completely out of the
water. There w a s also an obvious change in the morphology of the polymer
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as it had become somewhat swollen. These observations all suggest that th
water had been absorbed readily into the polymer and therefore that the
polymer was very hydrophilic.

250-r
200150100Force (mg)
500-50 -] , 1 1 1 , 1 1 1

0
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10
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14

16

Distance ( m m )
Figure 2.16. Force-distance plot for polypyrrole (CIO4") on platinum.

Another difference between the results for platinum and glassy
carbon was with the receding contact angles for some of the samples:
polypyrrole (C104')> (PTS-) and (DS - ) as shown in Table 2.8, as well as
many samples of polypyrrole (NO3-) and (C1-) that are not shown in this
table, gave values other than 0° or an undefined result, which normally
indicates a low degree of adhesion of water to the polymer, although the
values are still quite low.
Overall, these results imply that, at least for the interaction
with water, the counterion species does not always have a significant effect
other than the one noted previously with different substrates and,
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particularly, the m o n o m e r type. However, if some other species, that
underwent stronger interactions with the counterion species, were present
in the liquid probe, a stronger dependence would be expected. This
possibility is discussed more in the conclusion to this chapter.
O n e concern that arose about this technique, during the course
of this part of the work, was the reproducibility of the measurement of each
polymer. The wide range of surface properties observed for some polymer
systems seemed to indicate a lack of reproducibility at some stage in the
process. A s already mentioned, the chronopotentiograms that were
recorded during the growth of each polymer sample were quite
reproducible, so it was necessary to test the reproducibility of the contact
angle measuring technique. This was done by repeating the measurement of
samples an hour after the initial run and again approximately 24 hours later.
The force-distance plots of polypyrrole (CI-) on glassy carbon, taken 24
hours apart, are shown in Figure 2.17[A1 and [B]. They are very similar.
The plots taken within an hour of one another were virtually identical. The
same degree of reproducibility was observed for all samples tested in this
manner.
This proves conclusively that Wilhelmy's plate technique is
very reproducible, as there is only a slight change in the force-distance
curve for the three measurements of the sample, and this could easily be
explained by an actual change in the properties of the polymer with time.
Therefore, the problem with the reproducibility is in the preparation of the
polymer. This means that the contact angle measurements are m u c h more
sensitive to variations in the polymerization than the chronopotentiometry.
This is feasible because, with electrochemical techniques, like chronopotentiometry, the entire conducting polymer layer (i.e. the bulk of the
polymer) interacts with the substrate electrode, whereas the dynamic
contact angle measures the polymer surface more precisely.
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Figure 2.17. Force-distance plots for polypyrrole (CI-): [A] after deposition;
[B] 24hrs after deposition.
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2.3.4 THE EFFECT OF THE ELECTROCHEMICAL POLYMERIZATION
METHOD USED
The main objective of this work w a s to obtain a more
reproducible coating of polymer, with respect to their surface properties, by
using different polymerization methods. All of the work carried out to date
has been with galvanostatic polymerization. The most obvious alternative
to consider was the use of potentiostatic growth.
Glassy carbon substrates were used and polypyrrole (NO3-)
and polypyrrole (CI-) were prepared from the usual solutions. Samples
were deposited using the galvanostatic growth conditions described in the
earlier sections and also by potentiostatic growth at +0.60V for 5min. The
polypyrrole (NO3") samples were labelled in the following way:
- (i), (ii) and (iii) galvanostatic growth,
- (iv), (v) and (vi) potentiostatic growth.
The results are listed in Table 2.9. A s usual, the receding contact angles are
all very similar (most of them being undefined). For the advancing contact
angles, the average values for the first cycle with the galvanostatically
prepared polymers was 57°±17°. For the second cycle, it was 78°±26°. The
average values for the advancing contact angles for the potentiostatically
prepared polymers were 44°±0.6° for the first cycle and 71°±12° for the
second cycle. These figures demonstrate a significant improvement in the
reproducibility of the contact angles that are measured with potentiostatic
growth compared with galvanostatic growth. The force-distance curves
demonstrate a similar trend. The advancing angle for the second cycle is
much less reproducible, as has been observed on all previous occasions.
Also, the angles for the potentiostatic growth are somewhat lower for both
cycles.
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Table 2.9. Comparison of cos0,0 and Ad values for polypyrrole (NO3-) on glassy
carbon that was prepared by galvanostatic or potentiostatic growth.
Sample
(i) galvanostatic

(ii) galvanostatic

(iii) galvanostatic

(iv) potentiostatic

(v) potentiostatic

9a

Br

Ad

u

1.00

77°
82°

0°

77°*
82°

1) 0.71
2) -0.22

1.01

45°

u

1.03

103°

u

45°*
103°*

1) 0.67
2) 0.64

1.03
1.03

48°
50°

u
u

48°*
50°*

1) 0.72

1.06

440

440*

2) 0.39

1.06

67°

u
u

7)0.71

1.04
1.04

45°
84°

u
u

45°*
84°*

1.05
1.05

44°

u
u

44°*

cos da
1) 0.22
2)0.14

2)0.10
(vi) potentiostatic

1) 0.72
2) 0.48

COS 6r

1.01

61°

67°*

61°*

u is an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0°.

The polypyrrole (CI) samples were prepared under the same
conditions and labelled according to the following:
- (i), (ii), (iii) and (iv) galvanostatic growth,
- (v), (vi), (vii) and (viii) potentiostatic growth.
The results are listed in Table 2.10.
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Table 2.10. Comparison of cos0,0 and A 0 values for polypyrrole (Q-) on glassy
carbon that was prepared by galvanostatic or potentiostatic growth.
Sample

cos 0 a

COS 0r

Ba

Br

A9

(i) galvanostatic

7)0.91

1.09

24°

u

24°*

2) 0.89

1.09

27°

u

27°*

7)0.71

1.03

45°

u

45°*

2) 0.42

1.04

65°

u

65°*

1) 0.62

1.05

52°

u

52°*

2) 0.63

1.05

51°

u

51°*

1) 0.77

1.05

40°

u

40°*

2) 0.41

1.04

66°

u

66°*

7) 0.57

1.06

55°

u

55°*

2)0.10

1.06

84°

u

84°*

7) 0.72

1.06

45°

u

44°*

2) 0.39

1.06

67°

u

67°*

7) 0.57

1.03

55°

u

55°*

2) 0.41

1.03

66°

u

66°*

1) 0.69

1.04

46°

u

46°*

2) 0.21

1.04

78°

u

78°*

(ii) galvanostatic

(iii) galvanostatic

(iv) galvanostatic

(v) potentiostatic

(vi) potentiostatic

(vii) potentiostatic

(viii) potentiostatic

u\s an undefined value of 0for the function f(0) = cos0.
* is an estimate based upon the assumption that u is equivalent to 0 = 0°.

The average values for the advancing contact angle, with the
polymer prepared with galvanostatic growth, were 40°±12° for the first
cycle and 52°±18° for the second cycle. T h e average values for the
polymer prepared with potentiostatic growth were 50°±5° for the first cycle
and 69°±15° for the second cycle. O n c e again, the reproducibility for the
polymers prepared with potentiostatic growth was superior, although the
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improvement was not as significant as for the polypyrrole (NO3 - ). This
indicates that potentiostatic growth conditions can be used to prepare more
reproducible polymers and also that the surface properties of conducting
polymers are quite dependent upon the potential conditions during
polymerization.
Interestingly

enough,

the

relative

values

of the

galvanostatically and potentiostatically prepared polymers were reversed
compared to those observed with polypyrrole (NO3-), with the
potentiostatic polymer giving higher 9a values. Thus, the particular effect
of the growth conditions on the surface properties varies for each system.

2.4 CONCLUSIONS
The most significant observations in this study occurred when
looking at contact angles obtained with the polymers prepared from pyrrole
and its derivatives. The relationship between the wetting properties and the
polarity of the functional groups was very definite, even to the extent where
there was a trend for the relative properties of two different polymers and
their copolymer. A comparison of polypyrrole and polyaniline samples also
gave very different results, although it was more difficult to interpret these
by referring to the different molecular structures alone. This indicated that
dynamic contact angle analysis was most useful w h e n carried out with a
molecular probe approach, in which a species that was expected to undergo
particular interactions with the polymers of interest was used. For example,
water was the liquid probe and the most notable results were observed with
polymers that had functional groups that could participate in hydrogenbonding interactions.
In comparison, the results obtained from an investigation of
the other components of a polymer material, the substrate and the
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counterions, for which the interactions with water were less able to be
predicted, were not as useful in a diagnostic sense. However, they were still
very useful in determining the dependence of the surface properties of the
polymers on these other components. In particular, the combination of
substrates with different counterions produced interesting observations.
This led to the proposal that interactions between bare substrates and the
depositing polymer-counterion complexes during the early stages of
polymerization have an important influence upon the final properties of the
polymer interface. The counterions, w h e n investigated separately, did not
have as significant an influence as w h e n the substrate was varied, although
counterions such as D S - did have interactions that were different.
Also, s o m e specific results for polypyrrole (CI-) on the
reduced platinum substrate and polypyrrole (CIO4 - ) on the oxidized
platinum, in which the force-distance response for the second immersion
scan retraced that of the emersion scans, were interesting and are worthy of
further investigation. The same behaviour was also observed with the
copolymer sample as reported in Section 2.3.1.2, which was also a CIO4"
polymer. However, other samples investigated in this section were CIO4polymers also, but they did not behave in this manner. Therefore, the cause
of this behaviour is unclear and warrants further investigation.
The importance of the polymerization method used was also
established, with potentiostatic growth providing more reproducible surface
properties than galvanostatic growth. This, in turn, implied a strong
dependence of the surface properties upon the potential during
polymerization, a result that w a s not very surprising given our
understanding of the polymerization mechanisms, as outlined in Chapter 1.
It was also proven that the measurement of surface properties,
with Wilhelmy's plate technique, is very reproducible and also very
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sensitive, being a useful technique for obtaining fingerprints of the
polymers.
S o m e general observations of the technique were made, the
most important being the value of performing at least two cycles, with each
consecutive cycle scanning a greater range (or depth of immersion) than the
previous one. The importance of using the force-distance curve (as well as
the contact angles measured), in the interpretation of the surface properties,
was established. It was also suggested that cos0 values might be a better
way of comparing results than the 9 values because of the non-linearity of
the results after undergoing the cosine transformation and because some
results became undefined. However, the use of 9 values seems well
established in the field.
This was the first major investigation of conducting polymers
with contact angle measurements. These results indicate that the technique
will serve a useful purpose in the characterization of conducting polymers,
as it has for other dynamic systems. S o m e other important parameters that
could be investigated are the effects of the solvent used on the surface
properties of polymers. Also, the form of the polymer can be varied. Other
workers in these laboratories have investigated the surface properties of
polymers prepared as stand-alone films for membrane studies. The use of
the dynamic contact angle analysis has proven useful for characterizing
features of these systems771. A n experiment that should be carried out is
measurement of the contact angles, after the ex-situ reduction of the
conducting polymers to their non-conducting forms, with the concomitant
removal of the counterion species and the positive charge. This is bound to
have an effect on the surface properties that should be able to be observed.
O n e of the more exciting possible uses of this technique is
with the molecular probe approach. Organic solvents, both polar and nonpolar, could be used to determine the relative strength of particular
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interactions on conducting polymer systems. S o m e workers, with other
types of materials, have measured the contributions to the surface energy of
functional groups that contribute polar or dispersion interactions by a
judicious selection of the liquid probe used74*' ls8>159. This could be readily
applied to conducting polymers.
Another approach uses a range of liquid probes with gradually
changing surface tensions772. The dynamic contact angle in each liquid is
measured, and a plot of the 9a and 9r, including the hysteresis range, versus
the surface tension of the liquids gives a fingerprint spectrum for each
solid. A n even more recent study has enabled the surface energy of the
various functional groups present on the material to be represented as lines
in an energy spectra, which greatly improves the ability to establish
correlations between surface composition and interactions with a particular
liquid773. Either of these approaches could be used with conducting
polymers to great advantage.
Making use of inorganic solutions as molecular probes is
another possibility. This was reported in the only previous investigation of
Wilhelmy's method with conducting polymers 97 . A method for calculating
the surface tension of electrolyte solutions was provided so that the
measurements could be made. This approach would allow acid-base
interactions to be measured and thereby enable the contributions by the
counterion species to be better determined, as they are more likely to
interact with species in solution than with water. This would be invaluable
for characterizing the utility of conducting polymers for sensor and
separation applications.
Finally, measuring changes in the contact angles in response to
in-situ electrochemical stimuli is possible with Wilhelmy's plate technique
and has been carried out with other materials774. This is a potentially
powerful tool for characterizing polymers because of their electroactive
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properties, as described in Chapter 1. The importance of being able to carry
out such in-situ measurements has also been alluded to previously.
Therefore, it is apparent that Wilhelmy's plate technique can
be used to extensively investigate the surface properties of conducting
polymers. The work presented in this Chapter provides a useful platform
from which these further investigations can be carried out.
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3 DEVELOPMENT AND EVALUATION OF CONDUCTING
POLYMERS AS NEW STATIONARY PHASES AND FOR
INVERSE THIN LAYER CHROMATOGRAPHY
3.1 INTRODUCTION
Chromatography is traditionally used to separate substances
by making use of differences in their distribution between two phases, one
phase being stationary, the other mobile. This distribution is determined
by the effects of competing and opposing molecular interactions between
the solute molecules, and the stationary and mobile phases. T h e
magnitude, distance dependence and directionality of these interactions (as
described in Chapter 1) are the most important factors. However, the
probability of interaction, which depends upon the orientation of the
molecules and the thermal energy of the system 775 , is also important.
Therefore, the chromatographic behaviour of any system is governed by
thermodynamic and kinetic factors.
The acquisition of sufficient data and a recent improvement
in the instrumentation used with various chromatography techniques have
enabled characterization of the molecular interactions between the analyte
species and the stationary or mobile phases to be carried out. Therefore,
although the separation and determination of analyte species remains the
predominant use for chromatographic techniques, the chemical
characterization of either the solute or the stationary phase has become
commonplace in recent years. This approach has come to be k n o w n as
inverse chromatography 732 .
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3.1.1 THE CONCEPT OF INVERSE CHROMATOGRAPHY
Inverse chromatography was first used with gas as the mobile
phase77*' 777. Rohrschneider 77 * and M c R e y n o l d s 7 7 7 each developed
series based upon test compounds (molecular probes) that were used to
represent groups of substances with similar chemical properties. These
are shown in Table 3.1.

Table 3.1. The series of test substances first used for gas chromatograph
Test c o m p o u n d s

Substances

Rohrschneider's
series

McReynolds'
series

represented by
test compounds

benzene

benzene

aromatics, olefins

ethanol

1-butanol

alcohols, phenols, acids

methylethylketone

methyl-n-propylketone

ketones, ethers,
aldehydes, esters,
epoxides, dimethylami no derivatives

nitromethane

nitropropane

nitro and nitrile
derivatives

pyridine

pyridine

bases, aromatic-Nheterocyclics, dioxane

The two series of standards differ only in the chain length of
the alcohol, ketone and nitro standards. This was a matter of convenience,
as those suggested by McReynolds m a y be used with paraffins that are
liquid at room temperature. Consequently, McReynolds' constants are
used more often. The retention values of McReynolds' test compounds is
provided with most stationary phases for gas chromatography and can be
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used to predict molecular separations, to compare stationary phases and to
select the best phases for a particular separation.
Inverse gas chromatography, with a variety of molecular
probe series, has been used to characterize the interactions that occur on
polymer materials being used as stationary phases753' 134>178. It has been
a particularly useful method for observing the dynamic nature of
polymers 779 .
Similar investigations have been carried out with high
performance liquid chromatography ( H P L C ) for polymer stationary
phases735"737' 180, including conducting polymers 73 *. A variety of test
compounds have been used, depending on what types of interactions were
of most interest. A n inverse chromatography approach has recently been
used for particles, coated with polypyrrole, as the stationary phase for
HPLC* 3 . In this work, a n e w series of molecular probes was proposed in
which the retention of each probe molecule could be related to a type of
molecular interaction on the polymer. The molecular probe series is
shown in Table 3.2. This series uses benzene as the principal unit. The
other molecular probes have functional groups that introduce to the
molecule a particular type of chemical interaction. The structure of the
functional group and the types of chemical interactions that they represent
are also shown in Table 3.2.
Using this approach, stationary phases based on polypyrrole
with CI- and dodecylsulphate (DS - ) counterions were found to behave,
respectively, as anion exchange and reversed phase/anion exchange
(mixed m o d e ) stationary phases*3. The chromatographic behaviour of
polymers grown from pyrrole derivatives has also been studied, with
cation exchange*3 and reversed phase interactions*3 occurring, along with
the ever-present anion exchange behaviour of these polymers. These
polymers are grown from some of those monomers listed in Table 1.2.

1
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Table 3.2. A molecular probe series for inverse

HPLC.

Molecular probe

Functional group

Molecular
interaction

benzene

principal unit

standard

toluene

CH.

non-polar

polar

dimethyl-phthalate

phenol

benzoic acid

aniline

-OH

o

proton donor,

II

anion exchange

C-O-(H)
+
(H^H

—K
N,N-dimethylaniline

polar, H-bonding

.CH;
—N: CH.

electron donor,
cation exchange

non-specific
adsorption

These results indicate that inverse chromatography can
provide valuable information about polymer materials that have been used
as stationary phases in H P L C . However, the particle preparation and
column-packing procedures for H P L C are both labour-intensive and timeconsuming. Also, some polymer materials are neither suitable for coating
on supports, nor able to be produced in particle form with mechanical
properties appropriate for column chromatography.
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These difficulties suggested a need to investigate the
feasibility of using inverse thin layer chromatography ( T L C ) as a
characterization technique for conducting polymers . This approach could
be used as a screening test for conducting polymers, to determine their
suitability as stationary phases for HPLC. Alternately, inverse T L C m a y be
useful as a technique in its o w n right, to complement inverse HPLC. It also
provided an opportunity to study the suitability of conducting polymers as
new stationary phase materials for T L C , although the requirements for
characterization are not as stringent as those for analytical applications.
A n important step towards developing inverse T L C for each of these
purposes was the need to choose a suitable series of molecular probes.

3.1.2 AMINO ACIDS AS MOLECULAR PROBES FOR INVERSE TLC

A m i n o acids were an obvious choice as the molecular probes
for inverse T L C for of the following reasons:
1

A wide range of chemical properties are introduced by the
side chains of various amino acids. The retention of amino
acids can, therefore, be related to a number of molecular
interactions that occur on the stationary phase. The amino
acids selected for this study are shown in Table 3.3, with the
structure of their side chains and their chemical nature given.
Although all amino acids have a strong polar and ionic
character, due to their amine and carboxylic acid groups,
their chemical properties are influenced significantly by the
side chain functionality. The amino acids were considered in
groups according to the nature of their side chains, these
groups being non-polar, polar, basic (positively-charged) and
acidic (negatively-charged) amino acids. Therefore, the types
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of chemical interactions that were characterized were nonpolar, polar, anion exchange

and

cation

exchange

interactions. The interpretation of the results has emphasized
those trends observed consistently for the amino acid groups,
rather than the variation between each amino acid, although
this w a s also considered in s o m e instances. This should
reduce the significance of random variation and also act to
highlight the strongest types of interactions.
2 TLC has particular requirements for the determination of the
solute species; they must usually be able to be visualized. This
was an important consideration, as it was envisaged that the
greatest difficulty with performing inverse T L C on
conducting polymers would be detection of the test
compounds, due to the dark colour and conjugated/aromatic
structure of the polymers. However, there are numerous
detection methods available for amino acids with T L C and it
was thought that some could be readily adapted to use with
conducting polymer stationary phases.
A n important relation that will be used throughout this work
is that of the Rf value, which is defined below:
distance travelled by solute
distance travelled by solvent front

,3 1.
*' '

A high Rf value indicates that the solute species is spending more time in
the mobile phase and therefore interacts with the stationary phase material
to a lesser degree. Conversely, a low Rf value means that the solute is
interacting more strongly with the stationary phase. Thus, a comparative
measure of the strength of interaction between each of the amino acids
and the stationary phase can be obtained, thereby providing information
on the important chemical interactions that occur at the polymer surface.
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Table 3.3. Molecular probe series for inverse T L C , based on amino acids.
A m i n o acid

Chemical structure
of side chains*

H
CH3- C-COO
NH3

alanine

Nature of the
side chains

non-polar

valine

H3C,
CHHoC'

non-polar

methionine

Cri3™" S" , "Gn 2 ~Cn 2 ~

non-polar

glycine

H-

polar

threonine

polar

asparagme

CH3-CHOH
HoN
X-CH 2 -

argmme

H2N-C-NH-CH2- CH2-CH2-

basic

polar

11

NH2
+

histidine

HC=C"CH 2 -

basic

HN. V|H
+

aspartic acid

^C'
H
C-CH2-

acidic

glutamic acid

C"_CH2i™"GH2—

acidic

o'
* The entire structure is given for alanine only, with the side chain in boldface.
The italicized part of the structure is c o m m o n to all amino acids.
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3.1.3

DEVELOPMENT OF NEW STATIONARY PHASES FOR TLC
A resurgence in the use of TLC for analysis has seen a demand

for the development of stationary phases with entirely n e w properties.
Most of the work in response to this has centred around modifying silica,
the most commonly used material for T L C stationary phases7*7, either
through impregnation with n e w reagents7*2"7*5 or through the chemical
bonding of different functional groups to the silica7**. There have been
few new materials used for T L C stationary phases despite this demand for
substrates with different chemical properties. S o m e of the n e w materials
that have been investigated are:
1

Carbon adsorbents7*7, which have become viable with
advances in the production of carbon particles and in the
visualization of compounds on the surface of plates made
from these materials.

2

Chitin layers7**, which contain amide and hydroxyl groups,
were found to behave as a normal phase material through the
action of hydrogen bonding on amino acid samples. However,
more selective interactions were also observed with some
amino acids. Chitin is readily available and is able to be
chemically modified in a manner that could prove valuable as
a n e w stationary phase material.

3

Porous polymers, that have been used for column
chromatography, are beginning to be investigated for TLC,
Polychrom A for example7*p.

4

Composite

materials

of inert polymers, such as

polytetrafluoroethylene, with silica gel7P0.
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5

A modified version of the polyamide polymers, called Rpolyamide 797 .
Conducting polymers have been successfully used for HPLC,

as described earlier, and also have m a n y properties that m a k e them worth
considering as a n e w stationary phase material for TLC.

3.1.4 CONDUCTING POLYMERS AS STATIONARY PHASES FOR
TLC
Conducting polymers encompass a range of chemical
interaction behaviours that m a y prove very useful for some applications
that have not been solved with T L C as yet. Our experience also indicates
that they can be prepared with a number of different physical
characteristics, some of which should be suitable for TLC.
Properties that m a k e them particularly interesting are their
conductivity and electroactive behaviour, as described in Chapter 1. These
attributes can be combined and used as an additional parameter to
influence the retention of solute species. The application of a potential or
current, while carrying out T L C , could provide a means to fine tune
separations without changing some of the components, such as the
stationary and mobile phases. Furthermore, the chemical structure of the
stationary phase can be altered significantly to produce different types of
chemical interactions. The benefits of such a capability are tremendous.
A similar control over this aspect of the stationary phase has
been successfully carried out for conducting polymers with HPLC* 3 .
Although the feasibility of this will have to be determined, it seems likely
that the application of a potential during T L C will have some effect on the
retention of the solute species.
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O B J E C T I V E S O F THIS S T U D Y
The work carried out with conducting polymer stationary

phases for T L C is presented in this chapter and the following two. The
objectives of the work presented in each chapter are as follows:
Chapter 3

Development and evaluation of conducting polymers as new
stationary phases and for inverse TLC: here the aim was to
develop methods for preparing conducting polymers in forms
suitable for use as T L C stationary phases and also any other
procedures necessary for T L C to be carried out with the
conducting polymers. The feasibility of using conducting
polymers for inverse chromatography was also established,
and one particular type and form of conducting polymer
(electrochemically deposited polyaniline) was chosen for the
work outlined in the next two chapters on the basis of these
observations.

Chapter 4

Characterization of the chemical properties of polyaniline
with inverse T L C : this involved an extensive look at the
retention behaviour of the amino acid molecular probes
under

various

mobile

phase

conditions.

Other

characterization techniques were also used to provide
additional information where necessary.
Chapter 5

Determining the effect of an applied potential upon the
chemical properties of polyaniline: this involved developing
methods that enabled a detailed characterization of the
chemical properties of the polymer in response to
electrochemical stimuli, for the conditions under which TLC
was carried out. The feasibility of electrochemical chromato-
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graphy was discussed. S o m e of the electrochemical properties
of polyaniline under these conditions were also investigated.
In short, the main aims of this work were to develop and apply inverse
T L C methods for conducting polymers which were then used to
characterize the chemical interactions that occur on polyaniline. However,
other objectives were to determine the suitability of conducting polymers,
particularly polyaniline, for use as stationary phases for T L C and to
ascertain the feasibility of electrochemical TLC.

3.2 EXPERIMENTAL
Only standard procedures are described in this Experimental
section. During the course of this work, n e w methods were developed.
These are described in the Results and Discussion section and include:
- the development and optimization of methods for the
preparation of conducting polymers in a form suitable for
TLC,
- the development of a method for detecting amino acids on the
surface of conducting polymers,
- a preliminary evaluation of T L C on conducting polymer
stationary phases with some mobile phases commonly used to
separate amino acids.
Therefore, details on the experimental procedure appear both in this
section and in the following discussion sections. A more complete
Experimental section for carrying out inverse T L C appears in the
following chapter, where m a n y of the procedures that were developed
and optimized during work related in this chapter were applied as
standard methods.
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3.2.1

REAGENTS AND MATERIALS

Monomers
Aniline (Ajax, A R grade) was distilled and mixed with S n C b
solid, which reduces any oxidized impurities. Most of the solid material
was removed by gravity filtration before redistilling and storing in a
freezer under a nitrogen atmosphere. Pyrrole (Sigma, L R grade) was
distilled, with the initial, cloudy fraction being discarded and the
remainder collected and stored in a freezer under nitrogen. The
2,2-bithiophene (Aldrich) was used as received.
Amino acids
The following amino acids were used: glycine (Ajax), Lalanine (Sigma), L-histidine (Sigma), D-valine (Fluka), L-methionine
(BDH), DL-aspartic acid ( B D H ) , L-glutamic acid ( B D H ) , L-asparagine
(Light & Colnbrock), L-arginine (Calbiochem) and L-threonine (Merck).
A 0.1% w/v solution of each amino acid was prepared by dissolving 0.01 g
in l O m L of 7 5 % ethanol in water. H C 1 was added, to a concentration of
0.1M, to ensure complete dissolution of the amino acids.
Substrate materials
The substrate onto which polymers were electrochemically
deposited was Intrex gold-coated film #28 (16Q/square inch resistivity)
supplied by Sierracin Intrex Films. For chemical deposition, strips of
Whatman #1 qualitative filter paper were used.
General
All other reagents, acids, salts and solvents were of analytical
grade purity and were used as received. Triple-distilled or deionized
water was used throughout this work. Deoxygenation was carried out
with high-purity nitrogen gas.
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3.2.2

INSTRUMENTATION

AND

EQUIPMENT

Electrochemistry
Galvanostatic polymerization w a s carried out with a
galvanostat built in the Science Faculty workshop. Potentiostatic growth
was implemented with a Bio Analytical Systems ( B A S ) C V - 2 7
Voltammograph, which was also used to monitor the charge passed. A
double-junction reference electrode (Ag/AgCl, 3 M KC1) was used for all
work. A variety of counter electrode materials were used, including
platinum, carbon felt and reticulated vitreous carbon (RVC), depending on
the cell being used. They each fulfilled the requirements of a large
surface area (compared with that of the working electrode) and chemical
inertness (which was ensured by rinsing them in ethanol and dilute H C 1 to
remove all contaminants).
Chromatography
All thin layer chromatography, as well as some other tests
reported in this chapter, were carried out in a ( 2 7 5 m m x 2 6 0 m m x
7 5 m m ) chromatography tank. A glass sample stage built in the Science
Faculty workshop was used to support the sheet and to keep the
development angle constant from run to run.

3.2.3 STANDARD PROCEDURES

Sample preparation of the T L C plate was as follows: 2uX
samples of the amino acid solutions were applied in small aliquots from a
capillary micropipette (Gold Seal Accu-Fill 90 Micropet) and blow-dried
between applications. Samples were applied 1.5cm from the bottom of the
plate, with the mobile phase maintained at a level 0.5cm below this.
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3.3 RESULTS AND DISCUSSION
3.3.1 PREPARATION OF POLYMER STATIONARY PHASES
SUITABLE FOR TLC
Polypyrrole and polyaniline were tested in order to produce
a material with physical and chemical properties suitable for a T L C
stationary phase. Both electrochemical and chemical preparation methods
were used. The electrochemical polymerization involved deposition of the
polymers onto gold film (which was a suitable material, being inexpensive
and conducting) and the chemical polymerization onto filter paper (which
had physical properties appropriate for TLC).
These polymers underwent a preliminary examination which
involved preparing them with a number of counterion species and under
various polymerization conditions, and then submitting them to a series of
tests which indicated their suitability as a stationary phase material. O n e
set of conditions for preparing each polymer, using both methods, was
chosen on the basis of these observations for further examination and
optimization. A brief description of these conditions and any general
observations m a d e during the testing appears below.
The following criteria were used to assess the suitability of
the polymers for use as a stationary phase material for TLC:
- the polymer and substrate material must exhibit mechanical
and chemical stability during preparation and during
development in various solvents,
- the polymer must be porous and facilitate the capillary rise of
various solvents within a reasonable time (particularly polar
ones, as these are most applicable to the T L C of amino acids),
- it must be possible to detect the amino acids on the surface of
the polymer with a routine method.
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The tests and observations used to establish if the polymers met these
requirements are described below. The results for each polymer appear in
the following sections.
Mechanical and chemical stability
T h e polymer w a s rinsed with a fine water jet after
preparation and after it had dried, in order to establish its mechanical
stability. Otherwise, the polymers and substrate were closely inspected
during preparation and the other tests for any sign of chemical instability,
for example, colour changes.
Capillary rise of various solvents through the polymer
Strips of the polymer sheets were placed in 2 5 m L vials
containing 5 m L of the following solvents:
- cyclohexane,
- ethylacetate,
- 1-butanol,
- acetone,
- methanol,
- 1:1 methanol: water,
- water.
These solvents are listed in order of increasing polarity.
A drop of black pen ink was applied to each strip, above the
level of solvent in the vial, and dried. This was to assist observation of the
capillary rise of the solvent. Trends in the rate of capillary rise with the
polarity of the solvent and with a change in the preparation conditions of
the polymer were noted where applicable.

CHAPTER

127

3

Detection of amino acids spotted onto the polymer surface
A n amino acid solution was spotted onto each polymer plate
and blow-dried. The plates were then sprayed with a ninhydrin solution
(BDH, 0.5% in 1-butanol) and oven-dried at 105°C for about 10 minutes.
The positions of the amino acid spots should then be observed due to the
formation of a blue-coloured pigment with the ninhydrin reagent.

3.3.1.1

ELECTROCHEMICAL POLYMERIZATION

Polyaniline
The best polymer was prepared from 1 M HC1, in which CI" is
the counterion. Sodium dodecylsulphate was used as well but the resulting
polymer was not suitable, being very thin and uneven, and soluble in
organic liquids. Polyaniline (HC1) was prepared, by galvanostatic growth,
onto gold film sheets (3cm x 2cm) from a solution of 0.3M aniline in 1 M
HCl(aq) under various conditions, with the best results obtained with a
current density of 1.5mA/cm 2 for 30 minutes.
The general structure of polyaniline is given in Figure 1.9,
with CI" as the counterion species. Polyaniline in this form is also known
as polyemeraldine, as mentioned in Chapter 1. This is an apt name, as the
colour of the polymer ranges from a light shade of green (being almost
translucent when it is relatively thin) to an opaque dark blue-green colour
for films grown with more charge. It is presumed that these films are
thicker, but they are also likely to be denser. The morphology of this
polymer is shown in Figure 3.1, and it is clearly a fibrillar polymer and
would be expected to be quite porous. The results of the tests were as
follows.
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Figure 3.1. Scanning electron micrograph of polyaniline (HCI) on gold.

Mechanical and chemical stability
Polyaniline (HCI) has poor mechanical stability, at greater
film thicknesses, w h e n it is still wet from the polymerization solution. It
seems to grow in two layers; with a thin, smooth layer that only appears
after low charge growth, and a thicker, more fibrous layer that appears to
grow over the smooth layer w h e n more charge has passed. This second
layer is easily removed by rinsing with water immediately after removal
from the polymerization cell. In contrast, the inner layer adheres quite
strongly to the gold film. However, the outer layer becomes more stable
after drying, as if the polymer sets.
During polymerization, with concentrations of H C I exceeding
1M, some of the gold film peeled off the plastic support at the solution-air
interface, effectively cutting off the electric contact. N o stability problems
were observed during development in the various mobile phases.
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Capillary rise of various solvents through the polvmer
There were two trends that became apparent during this
study:
1 An increase in the charge passed during growth resulted in an
increase in the rate of capillary rise of the solvent up the
polymer-coated sheet. This is probably due to a combination
of properties that are dependent upon the current density and
the time of polymerization, e.g. film thickness and porosity.
The extent of the effect can be deduced by comparing the
rates of m o v e m e n t

in water. These

ranged

from

approximately 12-24 hours to rise 1 0 m m , for polymers
grown at O . l m A / c m 2 and 0.5mA/cm 2 for 10 minutes, to a
matter of seconds to m o v e the same distance for the other
polymers. Obviously, there was a critical charge density that
produced polymers in which rapid capillary rise occurred.
2 There was also an increase in the rate of movement up the
sheet, with a decrease in the polarity of the solvent, with the
exception of water which produced a more rapid rate of rise
than the most polar organic solvents, i.e. methanol and
acetone. This occurred to the extent where the development
appeared to be instantaneous for the most non-polar solvents.
These solvents also tended to evaporate rapidly from the
plate, making it difficult to establish a solvent front.
Detection of amino acids spotted onto the polvmer surface
It was very difficult to visualize the blue pigment, formed
from the reaction of amino acids with ninhydrin, on any of the
polyaniline sheets, particularly for the thicker ones. In fact, only some of
the amino acids produced spots that were intense enough to be seen at all.
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Using ultraviolet light provided no benefit, as the polymer absorbed all of
the emitted radiation at these wavelengths, also.
Polypyrrole
Polypyrrole was prepared from m a n y different counterions.
Preliminary investigations indicated that only one counterion produced
polypyrrole with properties suitable for TLC: p-toluene-sulphonate (PTS-).
The polypyrrole (PTS-) was prepared from an aqueous solution of 0.1 M
pyrrole in 0.1M p-toluenesulphonic acid with galvanostatic polymerization at 3.0mA/cm 2 for 15 minutes onto gold film sheets (3cm x 2cm).
The chemical structure of polypyrrole is shown in Figure
1.10, with PTS" as the counterion species. The polymer has a rougher
surface morphology than polypyrrole prepared with most other
counterions. However, it is still a m u c h denser-appearing surface than the
polyaniline and does not seem to be as porous. The surface morphology is
shown in Figure 3.2. The results of the preliminary tests are as below.

Figure 3.2. Scanning electron micrograph of polypyrrole (PTS") on gold.
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Mechanical and chemical stability
The polymer is mechanically and chemically stable under all
of the conditions tested here. However, the m o n o m e r solution turns a
brown colour, particularly at the higher current densities, which is
presumed to result from the formation of oligomers in solution.
Capillary rise of various solvents through the polvmer
These results were similar to those with polyaniline for the
non-polar organic solvents, but development was m u c h slower for the
polar organic and aqueous solvents and did not rise very high in any case.
The development was also very uneven across the polymer, which is not a
desirable result, as it indicates that the polymer is not homogeneous with
respect to its physical characteristics.
Detection of amino acids spotted onto the polvmer surface.
The amino acid spots only soaked partly into the polypyrrole,
with m u c h of the sample forming crystals on the surface upon drying. A s
with polyaniline (HCI), the amino acid ninhydrin complexes could not be
seen on the polymer surface in either white light or ultraviolet light.

3.3.1.2 CHEMICAL POLYMERIZATION
Polyaniline
FeCl3 is a good oxidant for the chemical polymerization of
polymers 792 ' 193 and its use ensured that only CI" was incorporated as a
counterion. The method for preparing polyaniline-modified paper was to
load filter paper strips (15cm x 6 c m ) with lg of aniline, which was
allowed to diffuse throughout the paper for about 10 minutes. The strips
were then immersed in about 1 litre of 0.4M FeCl 3 that had been acidified
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to 0.4% v/v with HCI. Chemical polymerization was allowed to proceed
for about 40 hours. The plates were then thoroughly rinsed in water and
allowed to air dry at room temperature. The strips could then be cut into
appropriate sizes for testing.
The chemical structure of polyaniline prepared in this
manner was presumed to be the same as the electrochemically
polymerized polymer. The morphology of the polymer surface, however,
was that of the filter paper substrate and is the same as that shown in
Figure 3.3. Note the similarity to the fibrillar appearance of the
electrochemically deposited polyaniline (Figure 3.1), although the latter
has a m u c h smaller scale.
Mechanical and chemical stability
The polyaniline adheres well to the filter paper w h e n it is
dried and there were no problems observed with chemical instability.
Capillary rise of various solvents through the polvmer
All of the solvents experienced quite rapid, but measurable,
development for these materials and the solvent front was also readily
determined.
Detection of amino acids spotted onto the polvmer surface
The same problems were observed as for the other polymer
materials tested; the amino acids could not be detected on the dark
coloured polymer.
Polypyrrole
F e C l 3 was also used as the oxidant for the chemical
deposition of polypyrrole7p3. For polypyrrole, 0.6g of m o n o m e r was
loaded onto and allowed to diffuse throughout the paper for 10 minutes.
The paper strips were then placed in approximately 1 litre of 1.5M FeCl 3
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solution for about 30 minutes while chemical polymerization took place.
Afterwards, they were treated as described above for polyaniline.
The morphology of the polypyrrole (CI") on the filter paper
is shown in Figure 3.3. The morphology is governed by the filter paper,
with the polymer forming a coating on the cellulose fibres. T h e results
for the tests were the same in all aspects as for the polyaniline-coated
filter paper.

Figure 3.3. Scanning electron micrograph of polypyrrole (CI") on filter paper.

3.3.1.3

SELECTING A POLYMER FOR FURTHER STUDIES

It is apparent from these observations that, with
electrochemical polymerization, only polyaniline (HCI) is suitable for use
as a stationary phase for TLC. Although care must be taken to maintain the
polymer surface during preparation, the capillary rise characteristics of
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polyaniline were far superior to those of the polypyrrole (PTS").
However, the preparation of this polymer required further optimization
before it could be used for characterization purposes. This process is
descibed in Section 3.3.3. Both polypyrrole and polyaniline, deposited by
chemical polymerization onto filter paper, were suitable using the
preparation methods described above and required no optimization.
This preliminary study indicated that the major hurdle for
this work, for each of the suitable polymers, was the inability to detect the
amino acids on the polymers. A method to overcome this problem had to
be developed before any characterization work could be contemplated.

3.3.2 DEVELOPMENT OF A METHOD FOR DETECTING THE
P R E S E N C E O F A M I N O A C I D S WITHIN C O N D U C T I N G

POLYMERS

The investigation into the suitability of various conducting
polymers for T L C revealed that there was a difficulty with detecting the
product of the reaction between the amino acids and ninhydrin, even for
the high concentrations used. This arose because of the dark colour and
conjugated/aromatic nature of the polymers, which absorbed most light at
visible and ultraviolet wavelengths. A s a consequence, the following
alternate techniques were investigated using the electrochemically
deposited polyaniline as the test material:
- densitometry,
- electrochemistry,
- blotting (sample extraction).
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D E N S I T O M E T R Y DETECTION O F THE P R O D U C T OF

THE NINHYDRIN R E A C T I O N W I T H A M I N O A C I D S
A densitometer is used to m a p the optical density of a
surface. Minute changes in the opacity are discernible and thus this is a
very sensitive technique for visualizing samples on T L C plates. A freshly
prepared sheet of polyaniline was tested with this technique. The resulting
spectrum indicated that the same difficulties would be encountered as with
all other direct attempts to detect the coloured product; the polymer
absorbed all the radiation, giving an absorption spectra that was all off
scale and a transmission spectra that did not even register.

3.3.2.2 ELECTROCHEMICAL DETECTION OF AMINO ACIDS ON
POLYANILINE
As polyaniline is a conducting polymer, electrochemical
techniques m a y be used to obtain information about electroactive
compounds present at its surface. Studies have indicated that this can be
extended to some electroinactive species due to the generation of nonfaradaic currents at the polymer during voltammetric experiments794.
These currents are presumed to arise from changes in the conformation
of the polymer, which occur with the doping and dedoping processes. It
was thought that this approach could be used with amino acids on
polyaniline and also that it m a y have allowed the distinction of different
amino acids. Three electrochemical methods were used in this study:
- cyclic voltammetry,
- alternating current voltammetry (ACV),
- phase-selective alternating current voltammetry (PSACV).
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PSACV was thought to be a particularly useful technique for studying nonfaradaic currents as it is possible to obtain a response showing only this
component of the total alternating current.
However, none of these approaches were successful as the
polyaniline was insensitive to the presence of most of the amino acids,
both in solution and at the polymer surface. In addition, difficulties were
encountered with the polymer reproducibility for the alternating current
waveforms and in the calibration of the P S A C V with the polymer-coated
electrodes. Therefore, this approach was not pursued further.

3.3.2.3 VISUALIZATION OF THE NINHYDRIN REACTION
P R O D U C T WITH A BLOTTING

TECHNIQUE

An alternate approach to overcoming the problem of
visualization of the amino acids on polyaniline involved extracting them
into another m e d i u m where direct observation was possible, such as filter
paper. This approach is k n o w n as 'blotting'795.
For this preliminary investigation, 2 c m x 1 c m sheets of
polyaniline (HCI) on gold were prepared at 1.5mA/cm 2 for 10 minutes,
from the solution described earlier. Sample solutions of glycine, alanine
and valine were used. A spot of each amino acid solution was applied to a
separate polyaniline sample and dried. Filter paper strips of similar size
were soaked in 7 5 % ethanol, allowed to drip briefly in order to remove
excess solution, and then placed over the polymer film for about 10
minutes. T h e filter paper w a s then removed, dried, sprayed with
ninhydrin solution, then dried again and placed in an oven at 105°C to
form the blue-coloured product. The reaction is shown in Figure 3.4. A
blank sample was also used, in which the amino acid solution was applied
directly to the filter paper, with the same procedure followed otherwise.
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Figure 3.4. The reaction of the ninhydrin reagent with the 1-amine
group of the amino acids to form the purple coloured pigment.

The results were quite promising. Coloured markings were
observed for all of the filter paper strips that had been placed on the
spotted polyaniline plates. These were considerably lighter than those
obtained for the blanks but were, nonetheless, easily visible. This
suggested that the method w a s feasible and could be used after
optimization of some of the conditions, such as:
- the post-polymerization treatment of the polyaniline, in order
to remove traces of the polymerization solution that are
extracted and which interfere with the visualization of the
samples,
- the extraction solvent used,
- the degree of wetness of the filter paper before extraction,
- the extraction time.
All of these aspects of the blotting method were investigated in more
detail in order to optimize the results.
It should be noted that the optimization of the preparation of
polyaniline (HCI) as a stationary phase material (as outlined in Section
3.3.3) was carried out in conjunction with the following work.
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Consequently, m u c h of this work was carried out on large (10cm x 8cm)
sheets of polyaniline.
Post-polymerization treatment of polyaniline
During the preliminary investigations, some discolouration of
the filter papers was observed after visualization. This was presumed to
be due to the extraction of traces of non-polymerized aniline (or
oligomers), or of occluded HCI, into the filter paper along with the amino
acids. This problem was significantly reduced by soaking the polymer
sheet in water after polymerization. This soaking step also allowed the
polyaniline time to set, a requirement that has been noted earlier.
T h e procedure was further improved by soaking the
polyaniline in the mobile phase in which the polymer was to be used. This
reduced the discolouration observed during the extraction further still, as
well as pre-equilibrating the stationary phase. During this procedure, the
polyaniline changed colour as the dopant level changed with the p H of the
mobile phase solution.
This pre-equilibration was found to be an important step
prior to carrying out the inverse T L C described in the following chapters.
Where it was not done, there was a change in equilibrium that occurred
during the chromatography, which affected the Rf values of the first few
runs on a newly prepared plate. This change in equilibrium was from that
of the polyaniline state at a p H of about 7, to that at the p H of the mobile
phase, and it was of particular importance w h e n the mobile phase had a
low pH, for reasons that are discussed in the following chapter.
The extraction process
A n u m b e r of extraction solvents and solutions were
investigated. These were chosen from a range of typical mobile phases
used for T L C of amino acids:
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- absolute ethanol,
- 7 5 % ethanol in water,
- 4:1:1 1-butanol: acetic acid: water,
- 1-butanol,
- saturated water in 1-butanol.
The 4:1:1 ratio of 1-butanol: acetic acid: water was found to work best,
giving the most intensely coloured spots and also an acceptable amount of
spreading, and was used in all further work.
For the blotting, the filter paper was soaked in the extraction
solution, removed and the excess solution allowed to drip off for a few
seconds. The paper was then rolled onto the polymer, with care taken not
to trap any air bubbles between the two surfaces, and that they were
aligned as precisely as possible. Prior to soaking, markings were m a d e on
the filter paper corresponding to the sample spot centres and the bottom
of the polymer plate. The filter paper was left on the polymer until it had
dried out.
The accuracy of this procedure was tested by spotting a
polyaniline surface with amino acids in a random distribution. This
distribution was marked on a 'blank' filter paper in which the position
and spreading of the spot were recorded. A n extraction using the
optimized method, as described above, was then carried out on each
polymer plate and subsequently visualized with ninhydrin spray. The
reproduction was then compared with the blank in order to establish the
effectiveness of the blotting technique.
Outlines of the blank and the reproduction, for one test
sample, are compared in Figure 3.5 and the 'distance travelled' (Dt)
values obtained for each are listed in Table 3.4 (with an arbitrarily chosen
sample line) along with the absolute and percentage errors between the

CHAPTER

3

values obtained. These indicate that the reproduction is quite good. Some
spreading occurs and this introduces errors into the determination of the
Dt values (and thus the Rf values) but these are small, being at most
± 3 m m . It was observed that the values tended to decrease more towards
the lower end and increase more towards the upper end (on average). The
percentage errors were also greater with the values at the lower end.
However, neither of these was a significant problem as the relative
positions of the spots did not change and this was the most important
consideration with the characterization work. In order to minimize the
influence of these small errors, multiple runs for each sample were
carried out, with the average Rf values obtained being used for the
comparisons. The standard deviation is also given for the work presented
in the following two chapters.
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Figure 3.5. Comparison of the outlines obtained for the blank and the
reproduction.
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Table 3.4. Comparison of the distance travelled (Dt) values obtained for
the blank and the reproduction.
Spot #

Blank Dt
values ( m m )

Reproduction Dt
values ( m m )

1

35

35

0

0

2

16

14

-2

12.5

3

75

76

+1

1.3

4

61

60

-1

0

5

45

47

+2

4.4

6

31

29

-2

6.5

7

70

71

+1

1.4

8

10

8

-2

20

3.3.3

Absolute
% error
error (A Dt) (vs blank)

OPTIMIZATION OF THE PREPARATION OF POLYANILINE

AS A STATIONARY PHASE MATERIAL FOR TLC
There were a number of considerations to be taken into
account in optimizing the preparation procedure:
- the optimum plate size for carrying out TLC,
- the pretreatment of the gold film,
- the electrochemical technique used to grow the polymer, and
the resulting physical properties,
- the electrochemical cell design.
Most of these aspects were investigated separately and are discussed in the
following sections.
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3.3.3.1

T H E O P T I M U M P L A T E SIZE
A n accepted plate size for ensuring reasonable separation for

thin layer chromatography is 10cm7P<J. This was chosen to be the length
of the polyaniline plate used. A width of 8 c m was arbitrarily chosen.
Much of the following work was carried out on smaller plate sizes than
those specified above. However, m a n y of the decisions were m a d e with
the final sheet size in mind. In order to obtain a polyaniline area of 10cm
x 8cm, a 12cm x 8 c m sheet of gold was used, with the extra 2 c m being
used for the working-electrode contact area.

3.3.3.2 PRETREATMENT OF THE GOLD FILM
This was found to be an important step in the preparation
method because such factors as the rate of polymerization, the potential
drawn during galvanostatic growth, the mechanical stability of the gold
film on its plastic backing and the adhesion of the polymer to the gold
were affected by it. The observation of this dependence was based upon
empirical experiments, with m a n y of the improvements resulting from a
trial and error approach.
The procedure that proved to be most effective is as follows.
The gold film was rinsed thoroughly with ethanol and then water. Then it
was dipped briefly into the polymerization solution and rinsed again. The
purpose of the ethanol rinse was to remove all organic residue from the
gold surface. It is likely that the dipping into the polymerization solution
(0.3M aniline in 1 M HCl( aq )) activated the gold surface somehow. This
treatment resulted in a decrease of the potential drawn during
polymerization and also an improvement in the quality of the film that
was deposited.
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3.3.3.3 OPTIMIZATION O F T H E
PREPARATION OF

ELECTROCHEMICAL

POLYANILINE

A comprehensive and systematic investigation was carried out
towards optimizing the preparation of polyaniline by varying the
electrochemical polymerization parameters and then measuring the
change in the physical properties of the resulting polymers. Galvanostatic
and potentiostatic polymerization methods were investigated, with the
parameters of current density, potential, total charge and time being
varied. The physical properties that were measured were the rate of
capillary rise and the polymer thickness.
These properties were deemed to be important because the
results of the preliminary investigations suggested that suitable rates of
capillary rise could be difficult to obtain, but that they were higher with
thicker polymers. Because of the extensiveness of this study, the polymers
were prepared on a smaller scale than the 10cm x 8 c m size indicated in
Section 3.3.3.1 in order to conserve materials. The polymers were
prepared on 5 c m x 3 c m strips for this study, using all of the optimized
solution and pretreatment conditions described previously.
A wide variety of electrochemical conditions were used to
give a better chance of determining the optimum conditions. These are
labelled, to allow easy reference in the following discussion section, as
indicated below:
- (i) galvanostatic growth at 1.5mA/cm 2 for 10 minutes,
- (ii) galvanostatic growth at 2.0mA/cm 2 for 10 minutes,
- (iii) galvanostatic growth at 1.0mA/cm 2 for 20 minutes,
- (iv) galvanostatic growth at 1.5mA/cm 2 for 20 minutes,
- (v) galvanostatic growth at 2.0rnA/cm 2 for 20 minutes,
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- (vi) galvanostatic growth at 1.0mA/cm2 for 30 minutes,
- (vii) galvanostatic growth at 1.5mA/cm 2 for 30 minutes,
- (viii) potentiostatic growth at +1.0V for 10 minutes,
- (ix) potentiostatic growth at +1.2V for 10 minutes,
- (x) potentiostatic growth at +0.8V for 20 minutes,
- (xi) potentiostatic growth at +1.0V for 20 minutes,
- (xii) potentiostatic growth at +1.2V for 20 minutes,
- (xiii) potentiostatic growth at +0.8V for 30 minutes,
- (xiv) potentiostatic growth at +1.0V for 30 minutes,
- (xv) potentiostatic growth at +1.2V for 30 minutes.
The potential and charge for each sample were recorded, whether it was a
variable or a controlled parameter of the polymerization method. Also,
the rate of capillary rise and the thickness were measured for the
polymers prepared by each method. These results were then correlated
with one another in order to determine the optimum polymerization
conditions (Table 3.5).
The methods used to obtain the rate of capillary rise and the
thickness of the polymer samples are described below.
Rate of capillary rise
Each polymer plate was placed on a sample stage in a thin
layer chromatography development tank. Next to the plate on the stage
was a ruler with m m gradations. The mobile phase was poured into the
bottom of the tank so that it covered approximately 1 0 m m of the bottom
of the plate. This level on the ruler was recorded as the starting point.
The rate of capillary rise of the mobile phase was measured by recording
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the solvent front every 5 minutes for 30 minutes after the plate was
positioned. The following mobile phases were used:
- 4:1:1 1-butanol: acetic acid: water,
- saturated 1-butanol in water.
The results are shown in Figures 3.6 and 3.7, respectively, in which the
plates are divided into those prepared by galvanostatic and potentiostatic
methods for each mobile phase.
These results clearly indicate that, for each method, there was
one procedure that gave the most rapid solvent rise; 1.5mA/cm 2 for 20
minutes for galvanostatic polymerization, and +0.8V for 30 minutes for
potentiostatic growth. The capillary rise did not proceed at a constant
velocity, but slowed d o w n the higher the solvent rose. During this work it
was also observed that the rate of development was m u c h slower in an
atmosphere that was not close to being saturated. Therefore, it was
important that the lid be placed on the tank.
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Thickness
The thickness of the polymers was measured using the dial
gauge method with an optical microscope. The polyaniline was prepared
from the desired conditions and cut into 2 c m x 1 c m strips. The polymer
surface was then scraped with a blunt instrument at several positions
along each strip so that the polymer was removed, but the gold layer was
not, and then laid flat on the sample stage and secured. The microscope
was set at high magnification, 500 x in this case, and focussed alternately
on the polymer surface and the surface of the underlying gold, w h e n both
were in the field of view of the eyepiece. This vertical change in the focal
plane could be read from the calibrated dial that m o v e d the objective lens,
and this distance was equivalent to the polymer thickness at this point.
Several such measurements were m a d e along each scraped section of the
polymer surface and the results were averaged. The limit of measurement
with this technique was about 5 p m , which was less than the thinnest
polymer investigated here.

Table 3.5 shows a comparison of the potential, charge,
thickness and capillarity for polymers produced by each of the methods
described earlier (pages 143 and 144). In order to establish if there were
any interrelationships between these parameters, several plots were m a d e
for these results for all of the polymers:
- potential vs thickness (Figure 3.8),
- potential vs charge (Figure 3.9),
- potential vs capillarity (Figure 3.10),
- charge vs polymer thickness (Figure 3.11),
- charge vs capillarity (Figure 3.12),
- thickness vs capillarity (Figure 3.13).
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Table 3.5. A comparison of potential, charge, thickness and capillarity
for the polymers produced under various conditions.
aration

Potential

Charge

(V)

i

(C)

Thickness
(^m)

(mm/30 min.)*

+0.89

13.5

16.8

24.5

ii

+1.18

18.0

17.8

26.0

iii

+0.84

18.0

11.9

32.0

iv

+0.85

27.0

28.5

36.0

V

+0.87

36.0

31.0

33.0

vi

+0.87

27.0

19.3

28.5

vii

+0.87

40.5

30.2

29.5

viii

+1.00

3.9

8.2

12.0

ix

+1.20

11.5

28.5

32.0

X

+0.80

20.7

19.9

39.0

xi

+1.00

17.0

12.2

24.0

xii

+1.20

67.6

88.4

32.5

xiii

+0.80

54.0

30.2

43.0

xiv

+1.00

17.0

11.2

26.0

XV

+1.20

35.4

25.7

38.5

ithod

Capillarity

* average values with 4:1:1 1-butanol: acetic acid: water.

For the potential vs thickness plot (Figure 3.8), there is no
linear trend in terms of increasing or decreasing thickness with the
change in potential. A n unusual observation, however, is that, at a
potential of about +1.0V, the thickness of the polymer w a s consistently
less than that for potentials in the range +0.8V to +0.9V and for potentials
at around 1.2V. T h e most likely explanation for this is that the
conductivity of polyaniline at +1.0V is less than that at lower potentials,
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as polyaniline is k n o w n to undergo a change in structure at potentials
around +0.8V to a less conducting form (Figure 1.15 and Figure 1.16).
A n explanation for the increase at higher potentials is not as forthcoming,
as little has been reported of the electrochemistry or conductivity at these
potentials. It is possible that the higher potential acts to overcome the
effects of the lower conductivity of the polymer during polymerization.
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Figure 3.8. Relationship between the potential measured or applied during the
growth of polyaniline (HCI) and the resulting polymer thickness.

A similar pattern is observed for the plot of potential vs
charge (Figure 3.9). T h e relation between the potential and charge has the
same cause as that described above, between potential and thickness, i.e.
the varying conductivity of the polyaniline at the different potentials. This
plot indicates more clearly that the rate of polymerization varies with the
applied potential.
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For potential vs capillarity (Figure 3.10), there is a definite
V-shape to the relationship, with a potential of +0.8V producing the
highest degree of capillarity. T h e galvanostatic techniques produced
potentials of around +0.85V to +0.90V. These are s h o w n to have a
slightly lower degree of capillary rise. Those methods using a potential of
+1.0V have a lower capillarity still. Then an increase in capillarity occurs
with potentials of about +1.2V, giving rise to the V-shape. The definite
nature of this trend indicates that the potential has an influence on the
physical nature of the polymer (which influences its capillarity) as well as
the rate of polymerization (which determines the charge passed and
thickness, and therefore also influences the capillarity).
These results indicate that there is a relation between the
thickness, the capillarity and the charge passed during growth. T h e plot of
charge vs thickness (Figure 3.11) indicates that there is a definite trend of
increasing thickness with an increase in the charge passed, although this
is, by no means, perfectly linear.
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The plots of charge vs capillarity (Figure 3.12) and thickness
vs capillarity (Figure 3.13) indicate, again, a trend, if not a linear
relationship, where the capillarity increases with the charge and the
thickness, although there was a notable exception to this rule, with one
polymer being m u c h thicker than the others and having only a m e d i u m
rate of capillarity.
A plausible sequence of causality is that the capillarity is
dependent upon the thickness (as well as porosity and other influences),
which is, in turn, dependent upon the charge that is passed. The rate of
polymerization, and thus the charge passed, is determined by the
potential. The potential also determines the physical properties of the
deposited polymer and thereby exerts an additional influence on the rate
of capillarity. Therefore, controlling the potential is of great importance
for obtaining a polymer with the desired capillarity behaviour. Thus,
potentiostatic methods were chosen in preference to galvanostatic methods
for further work.
Because the emphasis for the optimum preparation conditions
for the polyaniline was based upon the capillarity, then potentiostatic
growth at +0.8V for 30 minutes was selected. These conditions were then
used as the starting point for polymerization onto a plate 10cm x 8 c m in
area. Potentiostatic methods also had a further, practical, advantage being
less dependent upon the surface area and therefore more useful for large
scale work, particularly as there was a limit to the size of the current that
could be produced using the available galvanostats.
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Scaling up the polymerization to 10cm x 8cm sheets
A series of chromatographic runs was carried out using all of
the optimized conditions described thus far. The solvent front moved to a
distance above the sample line of about 7 0 m m , but took over 5 hours to
do so. This rate is obviously far below that measured in the experiments
described previously. O n e possible reason for this could be that a
different polymer w a s formed because of a decrease in oxidation
efficiency with the larger area substrate.
This was found to be the case. A s is clearly demonstrated in
Table 3.6 by comparing the charge density values, there has been a
reduction in the oxidation efficiency with the larger electrode size.
Therefore, a total charge of 112.5C should be passed in order to
reproduce the polymer condition as optimized previously. However, a
limitation with the instrumentation meant that only 100C could be
recorded accurately and conveniently. Therefore, 100C of charge was
used during polymerization and this was found to be adequate. With a
polyaniline sheet prepared under these conditions, the solvent front was
found to m o v e 7 0 m m in about 80 minutes, which was a significant
improvement.

Table 3.6. Comparison of the charge density for polyaniline (HCI)
prepared on gold sheets of different size.
Potential
(V)

Time
(min)

Electrode
area
(cm2)

Charge
passed
(C)

Charge
density
(C/cm2)

+0.8

20

15

21

1.40

+0.8

20

80

75

0.94
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The thickness of the polymer prepared under these conditions
was measured with the dial gauge method, as described earlier, and found
to vary over the range of 20-45pm, which was consistent with the
thickness levels measured for the smaller area sheets. Interestingly, the
thickness was found to be less towards the centre of the polyaniline. This
suggests that edge effects occur during polymerization on the large
electrodes used for this study, with the polymer depositing more slowly
towards the centre of the sheet. This m a y have been one reason for the
observed decrease in the rate of capillary rise as the mobile phase moved
up through the polymer.

3.3.3.4 DESIGNING A SUITABLE ELECTROPOLYMERIZATION
CELL
Several difficulties were observed during early attempts to
prepare large polymer plates:
- the large solution volume required for the sheet size,
- electrostatic attraction between the large, and flexible,
working and counter electrodes,
- the need to ensure a good electrical contact with the gold film
working electrode to prevent resistance and current density
gradient problems.
The cell design shown in Figure 3.14 was found to perform
satisfactorily. The cell geometry minimized the solution volume, while
accommodating the size of the gold sheet. The glass cage effectively
separated the working and auxiliary electrodes, although the width of the
cell was also sufficient to prevent their contact. The home-made working
electrode contact was a bulldog clip that had been coated with gold in
order to minimise corrosion of the steel due to the harsh conditions to
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which it w a s being exposed. T h e most important feature, though, w a s the
carbon felt contact, which was adhered to the clip with conductive glue,
and which provided a good electric contact with the gold sheet while, at
the same time, preventing any physical damage to the thin gold surface.

reference
electrode

tantalum wire
auxiliary electrode
contact
saltbridge
gold-coated bulldog clip
with carbon felt working
electrode contact

glass cage
gold sheet onto which
polymer is deposited

polymerization
solution

plastic
jug

carbon felt counter electrode

Figure 3.14. The electropolymerization cell used to deposit polyaniline (HCI)
onto 10cm x 8cm sheets of gold-coated plastic.
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3.3.4 THIN LAYER CHROMATOGRAPHY OF AMINO ACIDS ON
THE CONDUCTING POLYMER STATIONARY PHASES
Once the preparation of the conducting polymer stationary
phases had been optimized, T L C was performed with mobile phases
commonly used for the separation of amino acids:
- an acidic phase (pH ~ 3) from 1-butanol: acetic acid: water
(4:2:1 or 12:3:5),
- a basic phase (pH ~ 8) from 1-butanol: pyridine: water (2:1:1
or 1:1:1).
T h e objectives of this w o r k were to evaluate the
chromatographic performance of the conducting polymer stationary
phases and to establish the feasibility of carrying out inverse T L C with
them. Therefore, the stationary phases m a d e from electrochemically
deposited polyaniline (HCI) on gold sheets (using the preparation
conditions that were optimized and described in the previous sections),
chemically deposited polyaniline (HCI) on filter paper strips, chemically
deposited polypyrrole (CI) on filter paper strips, and filter paper alone as
a blank, were used with each of the mobile phases listed above.
Electrochemically deposited polyaniline
Table 3.7 shows the results obtained with the electrochemically deposited polyaniline films. These indicate that it is possible to
obtain a separation of some of the amino acids, in particular those with
acidic side chains. Most of the other amino acids have average Rf values
that are relatively close to one another.
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Table 3.7. Comparison of Rf values for amino acids on polyaniline (HCI)
electrochemically deposited on gold sheets.
Rf values

Amino acid

Mobile phase
Acidic 9

Basic 6

alanine

0.80

0.55

valine

0.78

0.64

methionine

0.75

0.61

glycine

0.60

0.50

threonine

0.72

0.50

asparagine

0.62

0.42

histidine

0.81

0.60

arginine

0.71

0.43

glutamic acid

0.50

0.02

aspartic acid

0.27

0.08

non-polar

polar

basic

acidic

a

1-butanol: acetic acid: water (4: 2: 1).

b

1-butanol: pyridine: water (2: 1:1).

An obvious conclusion was that strong anion exchange
interactions occurred with polyaniline. This w a s apparent from the low
Rf values obtained for the acidic amino acids which have the most
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negative character in each of the mobile phases (as are indicated in Figure
4.5, in the following chapter). Also, the strength of the negative character
increases with p H for all the amino acids, and the R f values were even
lower in the basic system, which also indicates anion exchange behaviour.
This occurred to the extent that no significant elution was observed for
the acidic amino acids in the basic mobile phase. This result was expected,
considering the structure of polyaniline.
N o other strong trends were identified, although, generally,
the non-polar and positively charged species had higher R f values (i.e.
weaker interactions with the stationary phase). Consequently, the
chromatographic behaviour appears to be different from that of
commonly used stationary phases, which tend to retain both positive
(basic) and negative (acidic) species, with positive species being retained
slightly more / p / (as shown by the results for filter paper in Table 3.9).
Chemically deposited polyaniline
The results obtained using polyaniline-coated filter paper are
shown in Table 3.8. In both mobile phases, the non-polar amino acid
group has the highest R f values. Thus, the amino acids with polar and
charged side chains undergo m u c h stronger interactions, as indicated by
the lower Rf values.
In going from the acidic to the basic mobile phase, there is no
significant change in retention with the non-polar or polar amino acids as
there was with the electrochemically deposited polyaniline. However,
there is an increase in the R f values for the basic amino acids and a
decrease in the R f values for the acidic amino acids. In these examples,
the strongest interaction with the stationary phase occurred w h e n the
amino acids were in the more highly charged form: basic amino acids in
acidic media (due to protonation of the base functionalities) and acidic
amino acids in basic media (due to dissociation of the carboxyl groups).
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Table 3.8. Comparison of Rf values for amino acids on polyaniline (HCI)
chemically deposited onto filter paper.
Rf values

A m i n o acid

Mobile phase
Acidic 3

Basic 6

alanine

0.46

0.41

valine

0.57

0.61

methionine

0.64

0.66

glycine

0.36

0.42

threonine

0.42

0.34

asparagine

0.31

0.32

histidine

0.28

0.39

arginine

0.29

0.44

glutamic acid

0.34

0.18

aspartic acid

0.23

0.14

non-polar

polar

basic

acidic

a

1-butanol: acetic acid: water (12: 3: 5).

b

1-butanol: pyridine: water (1: 1:1).

Each of these observations suggests that the polyanilinemodified filter paper is behaving as a polar phase. This is different from
the observations with the electrochemically deposited polyaniline film,
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which was a strong anion-exchanger. This suggests that the performance
of the polyaniline-coated filter paper m a y be influenced considerably by
the filter paper backbone. Results obtained, using filter paper alone as a
stationary phase, are given in Table 3.9.

Table 3.9. Comparison of Rf values for amino acids on filter paper.
A m i n o acid

Rf values
Mobile phase
Acidic 3

Basic"

alanine

0.46

0.35

valine

0.59

0.55

methionine

0.57

0.63

glycine

0.31

0.34

threonine

0.35

0.41

asparagine

0.25

0.30

histidine

0.17

0.38

arginine

0.20

0.32

glutamic acid

0.21

0.25

aspartic acid

0.25

0.30

non-polar

polar

basic

acidic

a

1-butanol: acetic acid: water (12: 3: 5).
1-butanol: pyridine: water (1:1:1).
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T h e paper support acts predominantly as a partitioning
stationary phase due to an adsorbed water layer15*7. Therefore, any effect
of p H on the properties of the filter paper can be neglected for the
purpose of this study. Comparison of the results obtained indicate that the
chromatographic behaviour of the polyaniline-modified filter paper
corresponds m o r e closely to that of the filter paper alone than to the
polyaniline film. This was surprising, as examination of the polyanilinecoated paper under a microscope revealed an apparently complete surface
coverage of the paper by the polymer. However, the polymer loading was
measured, by weighing the filter paper before and after polymerization,
and found to be only about 1 0 % of the total mass. Therefore, the internal
fibres m a y not have been efficiently coated and it is probable that m u c h of
the chromatography occurs within the cellulose fibres which m a k e up the
paper. This would explain the apparently dominant influence of the paper
substrate. Alternatively, this behaviour m a y be a consequence of the
different deposition technique used, but the considerable difference
between the results for the electrochemically deposited and chemically
deposited polyaniline phases suggests the former reason to be more likely,
even without taking into account the similarity of the results for the
modified and non-modified filter paper.
However, the polyaniline did have some influence on the
retention of the modified filter paper, as w a s indicated by two
observations. Firstly, the acidic amino acids in basic conditions interact
considerably more strongly with the polyaniline-modified paper than with
the filter paper alone, as indicated by the lower R f values. Secondly, the
Rf values of the basic amino acids in acidic conditions are higher on the
polyaniline-modified paper than on the paper alone. These results are
both consistent with an anion exchange effect, imparted by the presence of
the polyaniline on the filter paper. However, this is weaker than the same
interaction with electrochemically deposited polyaniline, as it does not
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influence the retention of the amino acids with uncharged side chains,
even though their negative character increases with p H .
Chemically deposited polypyrrole
The R f values of the amino acid obtained on this stationary
phase are given in Table 3.10. These results are generally more difficult
to interpret with respect to trends of the chemical interactions between the
four classes of amino acids. Under acidic conditions, the non-polar amino
acids have the highest R f values, with the other groups undergoing similar
and stronger interactions with the stationary phase. Under basic
conditions, a significant decrease in the R f values is observed for the nonpolar amino acids, glycine (classified in these studies as a polar amino
acid but regarded as being borderline between the polar and non-polar
groups)75** and the acidic amino acids. N o significant change is observed
with the other amino acids.
Only the behaviour of the acidic amino acids can be
confidently interpreted. A s they have the strongest negative character
under basic conditions, they will undergo anion exchange interactions
with polypyrrole. T h e low R f values indicate very strong interactions
with the polypyrrole; stronger than were observed with the polyanilinecoated filter paper, but about the same as the electrochemically deposited
polyaniline film. A s w e have no information on the retention behaviour
of stationary phases m a d e entirely from polypyrrole, it is difficult to
estimate the effect of the filter paper substrate on the retention behaviour
of this system, but the observed results are likely to be produced by a
combination of the polar interactions of the paper and the anion exchange
interactions of the polypyrrole, as observed with the polyaniline-modified
paper.
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Table 3.10. Comparison of Rf values for amino acids on polypyrrole (CI")
chemically deposited onto filter paper.
Rf values

Amino acid

Mobile phase
Acidic 3

Basic 6

alanine

0.58

0.32

valine

0.80

0.55

methionine

0.68

0.46

glycine

0.43

0.27

threonine

0.50

0.47

asparagine

0.35

0.33

histidine

0.33

0.36

arginine

0.40

0.43

glutamic acid

0.41

0.06

aspartic acid

0.30

0.03

non-polar

polar

basic

acidic

a

1-butanol: acetic acid: water (12: 3: 5).
1-butanol: pyridine: water (1:1: 1).
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3.4

CONCLUSIONS
The results presented here demonstrate that conducting

polymers could be prepared in forms suitable for use as stationary phases
for TLC. However, the requirement of physical characteristics necessary
to induce capillary m o v e m e n t does seem likely to restrict the number of
materials and the form of the materials that can be used. Also, the
potential effect of porous substrates (onto which polymers are coated)
upon the retention, should be acknowledged if characterization is the main
objective. It is recommended, therefore, that this technique be used to
characterize polymer coatings in a form as close as possible, in physical
and chemical nature, to the form in which the material will be applied.
For this reason, electrochemically deposited polyaniline (HCI) was
deemed most suitable for the more detailed investigation into inverse thin
layer chromatography as a characterization technique, as the polyaniline
is the only material that influences the retention of the amino acids in this
system.
A method for detecting the amino acids on the polymer
substrates was developed, tested and found to be satisfactory for the
purpose of characterizing the stationary phase material. The limitations
observed suggest that the method will be most useful w h e n used to
complement inverse H P L C rather than instead of it. It also seems unlikely
that TLC will be useful as a method to screen stationary phases for HPLC,
as the physical requirements of the stationary phase material for each
technique are very different.
Once the practical difficulties were overcome, the method
was demonstrated to be applicable for inverse chromatography, and
useful results were obtained using amino acids, considered in groups with
similar side chain properties, as molecular probes. A s a result of the
preliminary investigations conducted so far, polypyrrole and polyaniline
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were both found to exhibit anion exchange behaviour, as expected, due to
their positively charged structures. T h e possibility of polyaniline
interacting with neutral polar species, more than with non-polar or basic
species, was also implied, although there was not strong evidence for this.
More information on the dominant chemical interactions could not be
obtained because the polarity differences between the two mobile phases
along with the p H differences introduced a degree of uncertainty to the
interpretation. This aspect is addressed in the work described in the
following chapter.
The prospects of using conducting polymers as stationary
phases for analytical T L C are not particularly promising. The problems
with the detection of the solute species are the main drawback. It is
unlikely that the blotting technique will ever approach the sensitivity and
precision able to be achieved with direct determination by visualization
methods. However, other detection methods that use amperometric or
potentiometric techniques m a y be m o r e suited to the conducting
polymers. Such a method has been developed, with amperometric
detection of amino acids on filter paper199. Further investigation of this
aspect was beyond the scope of this project.
S o m e interesting observations were also m a d e concerning the
electrochemical polymerization of polyaniline, particularly during the
comparison of galvanostatic and potentiostatic methods. Superior results
were obtained with potentiostatic polymerization because of the
dependence of the polymer's physical properties, and also the rate of
polymerization, upon the potential that was applied or drawn. This (along
with the advantage of better reproducibility, that was reported in the
previous chapter) suggests that controlling the potential m a y be more
important than the current density w h e n preparing polymers with
particular desired properties.

CHAPTER 4

4

CHARACTERIZATION OF THE

CHEMICAL PROPERTIES OF POLYANILINE WITH
INVERSE THIN LAYER CHROMATOGRAPHY
4.1 INTRODUCTION
In Chapter 3, the chromatographic behaviour of polyaniline,
using mobile phases that appear c o m m o n l y in the literature for the
separation of amino acids, was described. F r o m these results, inferences
about the chemical interactions that occur on polyaniline (HCI) were able
to be made. In the work presented in this chapter, mobile phases have
been chosen in order to emphasize the influence of a particular type of
chemical interaction on the retention of the amino acids. At the same
time, the influence of other types of chemical interactions has been
minimized and/or kept constant throughout the tests. This was done for
two types of chemical interactions:
1

Polar interactions - where the polarity of the mobile phases,
prepared from solutions of alcohols in water, was varied by
changing the alcohol used from ethanol to 1-propanol to 1butanol. The polarity decreases along this series due to the
increase in the hydrocarbon chain length of the alcohols.
Therefore, the functional groups giving rise to the polar
interactions are the same for each mobile phase; it is actually
the contribution by the dispersion forces that changes the
overall polarity of the solution. However, the contribution by
the polar - O H group is still the strongest in each solution and
is, therefore, the chemical interaction of most interest.
Interactions due to hydrogen bonding will be most prevalent
under these mobile phase conditions.
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2

Ion exchange interactions - with a change in the p H of the
mobile phase bringing about a change in the charge on the
amino acids, according to the relative acidity of their
functional groups. This relation will be described in more
detail in Section 4.3.2. Phosphate buffer solutions were used,
with a constant anionic charge concentration of 0.05M in
order to minimize the influence of the anionic strength of the
mobile phase on the retention behaviour of the amino acids.

With these two series of mobile phases, it should be possible to
discriminate between the polar and non-polar groups of amino acids, and
the acidic and basic groups of amino acids, respectively. Note that the
approaches are slightly different. The first one relies upon a change in the
chemical nature of the mobile phase to discriminate between interactions
of the amino acids with the polyaniline. The second approach changes the
properties of the mobile phase in order to induce a change in the nature
of the amino acids and therefore vary the interaction between the solute
and the polymer phase.
This use of the mobile phases is another example of the
molecular probe approach and is an important contribution to inverse
chromatography, as it should further enhance the sensitivity of the
characterization method to particular chemical interactions.
Other characterization techniques were used to further
investigate the behaviour of the polyaniline under the mobile phase
conditions used. The results of this study are described in Section 4.3.3,
after the sections on inverse TLC.
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4.2 EXPERIMENTAL
The procedures described here were all standard for the
work in this chapter, with m a n y of them being optimized in the work
described in Chapter 3. They can be divided into three areas:
- the preparation of the polyaniline sheets,
- features of the inverse thin layer chromatography method,
- other characterization techniques used.

4.2.1 PREPARATION OF THE POLYANILINE SHEETS

4.2.1.1 R E A G E N T S A N D MATERIALS
The polymerization solution
Aniline (Ajax, A R grade) was distilled and mixed with S n C b .
Most of the solid material was removed by gravity filtration before
redistilling and storing in a freezer under a nitrogen atmosphere. A
solution of 0.3M aniline and 1 M H C I was prepared in water and stored at
4°C until ready for use.
The electrodeposition substrate
Polyaniline was deposited onto a 10cm x 8 c m area of 12cm x
8cm sheets of Intrex gold-coated film #28 (16Q/square inch resistivity)
supplied by Sierracin Intrex Films. Before polymerization, the gold sheet
was rinsed thoroughly with ethanol and then water. It was then dipped
into the polymerization solution and rinsed with water again.
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4.2.1.2

INSTRUMENTATION

AND

EQUIPMENT

The polymerization cell
A one litre polyethylene jug, with two opposing flat sides,
was used for the cell container. The gold sheet described above was the
working electrode. A home-made, gold-coated 6 c m bulldog clip, with
sections of carbon felt glued to the inside of the clip (with silver-loaded
epoxy adhesive) was used as the working electrode contact. The auxiliary
electrodes were two slabs (7cm x 5 c m x 1cm) of carbon felt (Le Carbone)
that were placed at the opposing flat walls of the jug. These electrodes had
been soaked overnight, alternately in 1 M HCl( a q) and ethanol, for several
days in order to remove all impurities. They were then connected to
tantalum wires that extended above the cell and were joined by a loop of
wire so that a single electric contact could be made. A silver/silver
chloride ( 3 M KC1) reference electrode was placed in a long-stemmed
saltbridge ( 3 M KC1), with the porous tip positioned close to the working
electrode. A glass cage was placed between the auxiliary electrodes to
prevent the gold sheet from contacting them. This cell setup is shown in
Figure 3.14 in the preceding chapter.
The potentiostat
A Bio Analytical System (BAS) CV-27 Voltammograph was
used for the potentiostatic growth, and the charge passed was monitored
with a Maclab (ADI) running Chart (ADI) software. For polymerization,
+0.8V was applied until 100C of charge had passed.
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4.2.1.3 P R O C E D U R E S
Post-polvmerization treatment
After polymerization, the polymer-coated sheet was carefully
removed from the cell, placed in a beaker of water and left to sit
overnight. During this time, most of the polymerization solution was
removed from the polyaniline, and the polymer also underwent the setting
phenomenon described in the previous chapter. Afterwards, the polymer
was blow-dried.

4.2.2 INVERSE THIN LAYER CHROMATOGRAPHY

4.2.2.1 REAGENTS AND MATERIALS
Mobile phases
Various mobile phases were used in the following sections.
These were as follows:
- 75%v/v ethanol in water,
- 75%v/v 1-propanol in water,
- saturated water in 1-butanol (approximately 85%v/v 1butanol in water),
- phosphate solution of p H ~ 2,
- phosphate solution of p H ~ 4,
- phosphate solution of p H ~ 6,
- phosphate solution of p H ~ 8,
- phosphate solution of p H ~ 10.
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The phosphate solutions were prepared from stock solutions as shown in
Table 4.1. Analytical grade reagents were used in each case.

Table 4.1. Preparation of the phosphate solutions of various pHs.
Calculated
pH
of solution

Volume* of
0.5M H 3 P O 4
(mL)

Volume of
0.5M H2PO4(mL)

Volume of
0.5M HPO4 2 (mL)

2

160.6

80

4

1.6

99.8

6

-

88.8

5.6

8

-

7.3

46.2

10

-

-

50

* For a one litre solution.

Amino acid solutions
The following amino acids were used: glycine (Ajax),
L-alanine (Sigma), L-histidine (Sigma), D-valine (Fluka), L-methionine
(BDH), DL-aspartic acid (BDH), L-glutamic acid (BDH), L-asparagine
(Light & Colnbrock), L-arginine (Calbiochem) and L-threonine (Merck).
A 0.01 g sample of each amino acid was dissolved in l O m L (0.1%w/v) of
75%v/v ethanol in water. H C I was added to a final concentration of 0.1M
to ensure complete dissolution.
Visualization reagents and materials
W h a t m a n #1 qualitative filter paper was used as the
extraction medium for blotting. The extraction solution was 4:1:1
1-butanol: acetic acid: water. The visualization reagent was a ninhydrin
solution (BDH, 0.5% in 1-butanol).
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4.2.2.2 INSTRUMENTATION A N D

EQUIPMENT

The polyaniline plates were developed in a commercial
development tank ( 2 7 5 m m x 2 6 0 m m x 7 5 m m ) , with a glass sample stage,
built in the Science Faculty workshop, used to support the plate and keep
the plate angle constant. Strips of filter paper were placed against the
walls of the tank to ensure a saturated atmosphere during development.
The amino acid samples were applied in aliquots from a 5 p L capillary
micropipette (Gold Seal Accu-Fill 90 Micropet).

4.2.2.3 PROCEDURES
Polyaniline sheet pretreatment
Before using for TLC, the polyaniline sheets were soaked in
the mobile phase that was to be used. This removed any traces remaining
from the polymerization or visualization procedures that were carried out
beforehand and also pre-equilibrated the polyaniline film, which was
particularly important w h e n the aqueous phases of various pHs were
being used.
Application and development of the amino acid samples
Seven 2 u X samples of the amino acid solutions were spotted
onto the polyaniline sheets. These were applied, centred along a line
1.5cm from the bottom of the sheet and 1cm apart, with the outermost
being 1cm in from the edges. The 2 p L spots were applied in several
stages by touching the bottom of the capillary micropipette to the polymer
surface and blow drying between each application. The spots were kept to
about 0.5-1.0cm in diameter.
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About l O O m L of each mobile phase was used in the
development tank. With the polymer sheet sitting on the sample stage, the
mobile phase came to a level about 0.5cm below the line on which the
samples were centred. The mobile phase was allowed to develop until it
had travelled about 6 0 - 8 0 m m or until about 80 minutes had passed,
whichever came first. Then the polyaniline sheet was removed from the
tank, marks were m a d e along the edges of the plate to indicate the solvent
front and the polymer was blow-dried.
Visualization of the amino acids
A filter paper strip 12cm x 8 c m was used for the extraction.
With a pencil, markings corresponding to the bottom of the polyaniline
sheet, the line upon which the amino acid samples were spotted and the
solvent front were m a d e on the paper. The paper was soaked in the
extraction solution until it was saturated. It was then removed and excess
solution allowed to drip off for a few seconds. The paper was then
carefully rolled onto the polymer, with care taken not to trap any air
bubbles between the two surfaces, and that they were aligned as precisely
as possible. The paper was left in contact with the polymer until it had
dried out, after which it was removed. Ninhydrin spray reagent was then
applied until the filter paper was uniformly wet. The paper was then
blow-dried before being placed in an oven at 105°C for about 10 minutes.
During this time, the purple-coloured pigment was formed. After
removal from the oven, the outlines of the coloured spots were traced
onto the filter paper which was kept as a permanent record.
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4.2.3

OTHER

CHARACTERIZATION

TECHNIQUES

The two characterization techniques used, other than inverse
TLC, were acid-base titrations and elemental analysis. S o m e description of
the experimental procedures used appear in the Results and Discussion
section of this chapter. Only standard Reagents and Materials,
Instrumentation and Equipment, and Standard Procedures used will be
described here.

4.2.3.1

REAGENTS AND MATERIALS

Preparation of secondary standard grade, carbonate-free N a O H
50g of N a O H was dissolved in 5 0 m L of deionized water
(Milli-Q). N a 2 C 0 3 impurities are insoluble at this concentration and form
a white precipitate. The solution with the precipitate was poured into a
narrow glass column and purged with N2(g) for 20 minutes. The top of
the column was sealed with a stopper covered with aluminium foil and the
solids allowed to settle out overnight. A complete separation of the solid
can be achieved with vacuum filtration, although this is very slow due to
the high viscosity of the liquid and the high solid content. The filtered
solution could be stored indefinitely in a polyethylene container.
Approximately 7 m L of this solution diluted to 1L with water
gives a concentration of about 0.1M N a O H , which can be stored for brief
periods in a glass volumetric flask with a plastic stopper under a N2(g)
atmosphere. For m u c h of the work in this chapter, N a O H solutions of
approximately 0.01 M N a O H were required. After making the appropriate
dilution, the solution was standardized against the primary standard,
potassium hydrogen phthalate (Univar, A R ) , which was treated by heating
at 105°C to remove water and then stored in a desiccator until required.
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About 5.1g dissolved in 2 5 0 m L followed by a tenfold dilution gives a
solution of about 0.01 M . The concentration is calculated from the exact
weight used. A 2 5 m L aliquot of this solution can then be taken and used
to standardize the N a O H solution to a phenolphthalein endpoint. The
concentration of the N a O H solution used for each experiment is given in
the Results and Discussion section.
General
H C I solutions were standardized against the N a O H , described
above, before use. All other reagents used were of analytical grade
quality.

4.2.3.2

INSTRUMENTATION AND EQUIPMENT

Acid-base titrations
A n automatic burette (lOmL x 0.02mL, class A , Bacto) was
modified so that C02(g) could be excluded from the system by using N2(g)
pressure to fill the burette and by attaching a column containing selfindicating soda lime (Ajax) to the pressure-equalizing hole.
The p H was measured with a p H electrode (Activon) that was
calibrated each day before use.
Elemental analysis
Quantitative elemental analysis was done by MicroAnalytical
Laboratories in the Research School of Chemistry at the Australian
National University.
Semi-quantitative elemental analysis with electron probe
microanalysis work was carried out with a TN-2000 Microtrace detector
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(United Science) coupled with a Hitachi S-450 scanning electron
microscope.

4.3 RESULTS AND DISCUSSION
4.3.1

VARYING THE POLARITY OF THE MOBILE PHASE

The following three mobile phases were used for this work:
- 75%v/v ethanol in water,
- 75%v/v 1-propanol in water,
- saturated water in 1-butanol (approximately 85%v/v 1butanol in water).
The development rate ranged from 3 5 - 7 0 m m over an 80 minute period
for each of the mobile phases. The average retention (Rf values), the
number of runs and the standard deviation of the amino acids' Rf values
are shown in Tables 4.2, 4.3 and 4.4, respectively, for each mobile phase.
Also listed are the average R f values of the amino acid groups in each
mobile phase. With each table is a graph that shows the range of Rf values
for each amino acid and which allows an easier comparison of the
behaviour between each of the mobile phases (Figures 4.1, 4.2 and 4.3).
The average Rf value for each group of amino acids is also indicated on
the graphs by the horizontal line through each group section.
A number of observations can be made from the information
in these tables and figures. The most obvious one is that the negatively
charged amino acids do not spend any time in the mobile phase, i.e. they
have an Rf value of 0. This is to be expected in a system with a negatively
charged solute species, a stationary phase material that has positively
charged sites dispersed throughout it, and a mobile phase with a very low
ionic strength.
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Table 4.2. and Figure 4.1. Rf values of amino acids with 7 5 % ethanol in water.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.83

2

0.014

valine

0.85

3

0.068

methionine

0.80

3

0.035

non-polar

0.83

glycine

0.84

3

0.035

threonine

0.89

2

0.007

asparagine

0.80

3

0.087

polar

0.84

arginine

0.94

3

0.032

histidine

0.90

3

0.017

positive

0.92

aspartic acid

0.00

3

0.000

glutamic acid

0.00

3

0.000

negative

0.00
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Table 4.3. and Figure 4.2. Rf values of amino acids with 7 5 % 1-propanol in
water.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.69

2

0.127

valine

0.78

2

0.028

methionine

0.70

2

0.042

non-polar

0.72

glycine

0.68

2

0.078

threonine

0.69

2

0.127

asparagine

0.54

2

0.113

polar

0.64

arginine

0.79

2

0.014

histidine

0.72

2

0.021

positive

0.76

aspartic acid

0.00

2

0.000

glutamic acid

0.00

2

0.000

negative

0.00
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Table 4.4. and Figure 4.3. Rf values of amino acids with saturated water in 1butanol.
Amino acid

Average Rf
\value

Number of
runs

Standard
deviation

alanine

0.25

2

0.176

valine

0.54

3

0.142

methionine

0.60

3

0.089

non-polar

0.46

glycine

0.25

3

0.111

threonine

0.28

3

0.105

asparagine

0.24

3

0.076

polar

0.27

arginine

0.25

3

0.118

histidine

0.28

3

0.090

positive

0.27

aspartic acid

0.00

3

0.000

glutamic acid

0.00

3

0.000

negative

0.00
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The effects of other chemical interactions are m u c h less
pronounced and are more dependent upon the changes in the mobile phase
than in the properties of polyaniline. This means that they are m u c h
weaker, but are still important under certain conditions. For example, in
7 5 % ethanol in water, all amino acid groups, other than the acidic one,
spend little time in the stationary phase and have average Rf values
greater than 0.8. However, the positively charged amino acids have a
slightly higher Rf value than the polar and non-polar ones, which have
very similar values. This indicates that the expected repulsion between
these amino acids and the positively charged polyaniline does occur, but is
much less significant than the polarity of the mobile phase compared with
the polarity of the amino acids overall. This conclusion is further
supported in the 7 5 % 1-propanol in water and saturated water in 1butanol mobile phases, where the repulsive interaction becomes less
significant and is, in fact, not observed at all in saturated water in 1butanol.
Another interaction, that is observed under these changing
mobile phase conditions, results from the influence of the non-polar side
chain. This becomes more significant with the transition towards a more
non-polar mobile phase. All of the amino acid groups (other than the
acidic ones) spend more time in the stationary phase as the mobile phase
becomes more non-polar. However, this trend is less significant with the
non-polar amino acids because of their higher solubility in these phases.
The exception to this was alanine's Rf value, which did decrease in a
fashion similar to that for the more polar amino acids and, in fact, alanine
has the least non-polar side chain of the non-polar amino acids, so this
was not such an unusual result.
Each of these trends with changing polarity is shown clearly
in Figure 4.4, which plots the average Rf values of each amino acid group
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for the mobile phases used. This clearly shows the interactions that occur
under each of the mobile phase conditions. In summary, the polyaniline
experiences strong anion exchange interactions under all of these
conditions, which confirms the observations m a d e in the previous chapter.
The repulsion of positively charged species is only observed in the most
polar mobile phase. With a decrease in the polarity of the mobile phase,
the solubility of the amino acids also decreases and this interaction
disappears as the amino acids are retained m o r e on the stationary phase.
At the same time the most non-polar amino acids are separated because of
their slightly higher solubility in the mobile phase.
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Figure 4.4. Trends in the Rf values of the amino acid groups with a change in
polarity.
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4.3.2

VARYING THE pH OF THE MOBILE PHASE

Phosphate buffer solutions of p H s approximately equal to 2,
4, 6, 8 and 10 were used as the mobile phases for this work. Although the
buffer capacity of the solutions varied considerably, this was of secondary
importance to the p H of the solution, and the quantities of amino acids
used were small enough for this to not be a problem anyway. T h e
development rate for these mobile phases was from 6 0 - 8 0 m m after about
15 minutes, considerably quicker than observed in the previous section.
The retention of the amino acids could be related to their charge over a
broad range of p H values with these solutions. These mobile phases were
also prepared, mindful of the work to be carried out in the next chapter
(electrochemical TLC). Thus, the mobile phases not only had to have a
constant anionic strength, but also be of a concentration suitable for acting
as a supporting electrolyte in an electrochemical cell. Therefore, an
anionic charge concentration of 0.05M was chosen for the solutions. The
charge balance equation used in the calculations for preparing the mobile
phases was:
[H2P04-] + 2[HP042"] + 3[P043"] + [OH"] = 0.05M

(4.1)

Because of some of the assumptions m a d e in these calculations, the
measured p H values, obtained from the volumes in Table 4.1, differed
somewhat from the calculated values, particularly for the higher p H
solutions. Therefore, the actual p H s of the solutions used are shown
throughout this work, rather than the calculated pHs.
With the change in p H , the charge on the amino acids would
vary, according to the relative acidity of each of the functional groups
present, around their isoelectric points (pHi). The p K a values of these
groups and the pHi values for the amino acids are listed in Table 4.5. A s
all amino acids possess at least one basic and one acidic functional group,
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they undergo a change in charge from being positive at low pHs, to being
negative at high pHs, with the isoelectric point being the point of zero net
charge. This change is demonstrated in Figure 4.5 for glycine (which is
representative of the behaviour of all the neutral amino acids), aspartic
acid (which is similar to glutamic acid) and histidine and arginine (the
two basic amino acids used). Note that the partial charge on the amino
acid functional groups arises because of the equilibrium between the
charged and uncharged forms, not because of a charge separation as
occurs in polar groups. Therefore, the types of interaction that occur will
be predominantly ionic, although the functional groups are quite polar in
their uncharged forms and this interaction m a y also have an influence.
Another important reason for carrying out this work is that
polyaniline is a basic material and will, therefore, undergo a change in its
structure with a change in p H as described in the General Introduction
chapter. Using the amino acids as molecular probes will enable us to
measure the change in the dominant chemical interactions that occur with
this change in structure.
The results of this study are shown in Tables 4.6, 4.7, 4.8,
4.9 and 4.10 and, also, Figures 4.6. 4.7, 4.8, 4.9 and 4.10 in the same
format as those in Section 4.3.1.
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Table 4.5. List of pK a and pHj values for the amino acids.
Amino
acids

pKa

pKa
-R group

PHi

-COOH

pKa
-NH3+

alanine

2.348

9.866

-

6.1

valine

2.286

9.719

-

6.0

methionine

2.28

9.21

-

5.74

glycine

2.34

9.6

-

6.06

threonine

2.63

10.43

-

6.53

asparagine

2.14

8.72

-

5.45

arginine

2.01

9.04

12.48

10.76

histidine

1.82

9.17

6.0

7.64

aspartic acid

2.09

9.82

3.86

2.98

glutamic acid

2.19

9.67

4.25

3.08
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Figure 4.5. The total charge on selected amino acids over a range of pHs.
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Table 4.6 and Figure 4.6. Rf values of amino acids with phosphate solution
pH 2.0.
Amino acid

Average Rf
\/alue

Number of
runs

Standard
deviation

alanine

0.91

6

0.029

valine

0.92

6

0.013

methionine

0.84

6

0.025

non-polar

0.89

glycine

0.87

7

0.024

threonine

0.91

6

0.027

asparagine

0.86

6

0.019

polar

0.88

arginine

0.89

6

0.007

histidine

0.88

6

0.017

positive

0.89

aspartic acid

0.56

7

0.161

glutamic acid

0.63

7

0.140

negative

0.60
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Table 4.7. and Figure 4.7. Rf values of amino acids with phosphate solution
pH4.1.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.83

8

0.030

valine

0.83

8

0.089

methionine

0.75

8

0.050

non-polar

0.80

glycine

0.82

8

0.075

threonine

0.86

9

0.072

asparagine

0.84

10

0.050

polar

0.84

arginine

0.82

8

0.070

histidine

0.80

7

0.031

positive

0.81

aspartic acid

0.22

8

0.047

glutamic acid

0.30

10

0.110

negative

0.26

_ 1•

-•H

••

| -

w

•_•

TTrw

•
•m

#

CO
CO

CD

c
c
o
Id
CD

CD
tZ

o
O)

CD

CD
£Z

c
_c •o
"+-•

E
amino acids

CO
CO

CO

'sz

lutamic acid

c

CD
C
CO
>

ispartic acid

CD
C

asparagine

TI
threonine

Rf values

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

CO

O)

CHAPTER 4

Table 4.8. and Figure 4.8. Rf values of amino acids with phosphate solution
pH 5.6.
Amino acid

Average Rf
\value

N u m b e r of
runs

Standard
deviation

alanine

0.89

8

0.017

valine

0.93

8

0.028

methionine

0.76

9

0.050

non-polar

0.86

glycine

0.89

9

0.031

threonine

0.88

8

0.051

asparagine

0.85

8

0.030

polar

0.87

arginine

0.87

7

0.041

histidine

0.81

9

0.072

positive

0.84

aspartic acid

0.25

8

0.033

glutamic acid

0.31

9

0.052

negative

0.28
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Table 4.9. and Figure 4.9. Rf values of amino acids with phosphate solution
pH 7.5.
Amino acid

Average Rf
value

N u m b e r of
runs

Standard
deviation

alanine

0.98

6

0.022

valine

0.97

5

0.034

methionine

0.97

5

0.037

non-polar

0.97

glycine

0.98

6

0.025

threonine

0.99

7

0.025

asparagine

0.99

5

0.036

polar

0.99

arginine

1.00

6

0.021

histidine

0.99

7

0.014

positive

0.99

aspartic acid

0.72

4

0.051

glutamic acid

0.69
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0.071
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0.71
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Table 4.10. and Figure 4.10. Rf values of amino acids with phosphate solution
pH9.1.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

6

0.018

valine

1.00
1.00

4

0.018

methionine

0.97

4

0.010

non-polar

0.99

glycine

1.00

5

0.018

threonine

0.98

6

0.021

asparagine

0.96

5

0.040

polar

0.98

arginine
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5

0.013

histidine

0.96

4

0.062

positive

0.98
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0.054
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These results provide further evidence that the polyaniline
behaves as a strong anion exchange material. However, let us consider the
interactions in more detail with reference to Figure 4.5. At p H 2.0, there
is very little difference between the theoretical charge on the acidic amino
acids and the neutral amino acids, the acid amino acids being slightly less
positive. The basic amino acids have an overall positive charge greater
than one, which is significantly higher than for the others. Yet, w h e n
their chromatographic behaviour is compared, w e see that the acidic
amino acids are retained m u c h more strongly than all the other groups,
between which there is very little difference. This observation must,
therefore, be explained by something other than the magnitude of the total
charge on the amino acids. S o m e possibilities are:
1 The polyaniline may be in a state corresponding to
equilibrium at a p H higher than 2.0 as a result of the
pretreatment methods used. Thus, the basic polyaniline m a y
take up a proportion of protons in order to establish a n e w
equilibrium state with the mobile phase. This would have the
effect of increasing the p H of the mobile phase slightly,
(which would then cause the charge on the amino acids to
shift towards a more negative value) and also to increase the
positive charge on the polyaniline proportionally. However,
this would affect all of the amino acids to a similar degree, as
can be seen by comparing the slope of the curves around this
p H value in Figure 4.5. If anything, the change would be
greater for the basic amino acids, which have lower p K a
values for their carboxyl groups, as shown in Table 4.5. In
order for this to be regarded as a significant effect, the
equilibrium p H of the mobile phase would have to be greater
than 3. The possibility of a change this large occurring,
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considering that the polyaniline was soaked in the mobile
phase before use and therefore pre-equilibrated, seems to be
low. Furthermore, the p H of the solution that had been
exposed to the polyaniline was tested with indicator paper by
laying it on the polymer surface and allowing the solution to
interact with it. This did not indicate any changes in the p H of
the solution after it had been exposed to the polyaniline.
2 This behaviour is due to some other type of interaction with
the acidic amino acids compared with the other groups.
However, no such difference is apparent from their
molecular structures and, even if there was such a difference,
previous results have indicated quite conclusively that the
anion exchange interaction is m u c h more significant on the
polyaniline than any other type of interaction. Therefore,
there is no reason to presume it would be otherwise under
these conditions.
3

The total number of points of partial negative charge on the
amino acid could be significant as well as the total charge. At
a p H of 2, all of the amino acids have at least one group with
a partially negative charge. The acidic amino acids have two.
The orientation of the amino acid, with respect to the
protonated polyaniline group, could therefore be an
important factor.

The latter explanation is the most plausible and is discussed in further
detail later on in this section, after all of the results have been presented.
At p H 4.1, there is an even larger difference between the
retention of the acidic amino acids and the other groups, although these
are also retained slightly more at this p H while the charge on the neutral
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amino acids is close to zero and that on the basic amino acids is about +1.
This behaviour is in accordance with the change in the charge with pH, as
the acidic amino acids have an overall negative charge at this p H .
Presumably, the presence of the two negative sites is having an influence
here, as well, although the results could be accepted without this
additional effect.
At p H 5.6, there is still a large difference between the
retention of the acidic and the other amino acids. However, the most
interesting observation is that the retention has increased slightly for all
the groups of amino acids. This is not in accordance with the change in
charge with p H and can only indicate that the polyaniline structure is
different at this p H . It is likely that the polyaniline has b e c o m e
significantly deprotonated at this p H .
This trend is even more apparent at p H s 7.5 and 9.1, where
the retention of all the amino acids has decreased significantly. This is
conclusive evidence that there is a change in the structure of the
polyaniline with an increase in p H and that the anion exchange
interactions have been reduced significantly as a result. However, it was
interesting to note that they were not altogether lost, as might be expected
at p H levels m u c h higher than the p K a value. This trend is clearly seen in
Figure 4.11 for all of the amio acid groups. It is also interesting that the
acidic amino acids are still retained more than the other groups.
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Considering these observations, if the polyaniline structure
was not changing with pH, then w e would expect a decrease in the Rf
values for each amino acid with an increase in p H , as was observed
between p H s 2.0 and 4.1. However, this trend is reversed slightly in
going from p H 4.1 to 5.6, and the R f values increase still further at
higher pHs. This clearly indicates that the polyaniline has been
deprotonated.
However, if the above observation was due to a complete
deprotonation of the polyaniline, all evidence of anion exchange
interactions would have vanished. In this instance, the R f values of the
acidic amino acids would be close to 1.0, as occurs with the other groups.
This is because the relatively polar amino acids spend nearly all of the
time in the aqueous mobile phase and little time interacting with the nonpolar backbone of the deprotonated polyaniline. If the dominant chemical
interactions were n o w non-polar ones due to the conjugated polyaniline
backbone, then, if any group of amino acids were to be retained more, it
would be the non-polar amino acids (as was observed in Section 4.3.1,
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although the evidence from that section indicates that these non-polar
interactions only become significant w h e n the mobile phase is more nonpolar as well).
F r o m the fact that the acidic amino acids are still retained
relative to all of the other amino acids, it can be concluded that the
polyaniline still possesses anion exchange sites at high p H levels. But these
interactions are, once again, unusual because all of the other amino acids
except for arginine have a negative charge at these p H s as well. The most
probable reason for the higher retention of the acidic amino acids is the
extra negative site that was discussed earlier, although the negative charge
on the acidic amino acids is also greater, as indicated in Figure 4.5, and
may contribute as well.
This dependence upon the number of charged sites on the
solute molecule, as well as on the overall charge, is a significant
observation and indicates very different ion exchange characteristics to
conventional materials. The most likely explanation for this is the extent
of the charge derealization that occurs on the conducting polymers,
where the charge is spread over several molecules compared with several
atoms as for conventional ion exchangers. The demonstration of anion
exchange behaviour at such high p H s is also an interesting result
compared with observations of other anion exchange materials and also
with reference to the chemistry of polyaniline as reported in the
literature. A s a consequence of these results, further investigations into
this aspect of polyaniline were m a d e using other characterization
techniques, which are described in Section 4.3.3.
The nature of the mobile phases used in this study meant that
the main interaction that information w a s obtained about was anion
exchange. The retention behaviour of the other amino acid groups was
very similar, even the positively charged amino acids. This is a further
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difference in the behaviour of polyaniline compared with other anion
exchange materials where electrostatic repulsion has a greater effect.
It was interesting to observe the relative retentions of aspartic
acid and glutamic acid. Under all of the mobile phase conditions except
for p H 7.5, aspartic acid had a lower R f value. O n comparing the
structures of the respective side chains, it can be seen that the difference
between the molecules is that glutamic acid has an extra methylene group
(-CH2-) and therefore that aspartic acid is a slightly smaller molecule.
There is no apparent sign of size-exclusion phenomena with any of the
other results for the amino acids. Polar interactions do not seem to m a k e
a difference to the retention for the other probe molecules either, with
some having m u c h more significant differences in polarity than that
induced by a methylene group. If anything, glutamic acid should be
retained more because of its larger molecular weight and therefore
slower rate of transport, as was observed with the chromatography on the
bare filter paper in the previous chapter (Table 3.9). O n e possible reason
for this observation is that the distance between the carboxylic acid
groups for aspartic acid corresponds m o r e closely to the distance
separating the positive charges of the polaron lattice on polyaniline. This
would enable a stronger interaction to occur and is an interesting
possibility that should be investigated further.
The interaction of methionine (which is one of the amino
acids with a non-polar side chain) with the polyaniline is also worth
mentioning. Methionine was found to interact slightly more strongly with
the polyaniline than the other non-acidic amino acids in all of the mobile
phases, except at p H 9.1. The most probable explanation for this is that
the sulphur atom in methionine (see structure in Table 4.3) is interacting
selectively with the polyaniline, probably with the heteroatom (N) groups
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through some type of acid-base interaction, of a similar nature to
complexation.

4.3.3 INVESTIGATING THE CHANGE IN THE ION EXCHANGE
B E H A V I O U R O F POLYANILINE W I T H

pH

Several characterization techniques were used to establish
what changes were occurring within the polyaniline during the T L C with
the various phosphate mobile phases. A s mentioned in Section 4.3.2, the
most obvious change was in the p H of the mobile phase. However, there
was another difference. The phosphate-based anion changed from being
predominantly univalent to bivalent. This m a y also have influenced the
retention behaviour of the amino acids, despite efforts to maintain a
constant concentration of anionic charge for all of the solutions. The
effect of this change in the charge density of the anionic species was also
investigated.
Another possibility was that there were other sites within the
polyaniline that had a residual positive charge from protonation of
different basic groups, possibly arising from overoxidation of the
polymer, and these sites produced anion exchange behaviour at pHs above
the expected p H range, where the polymer would usually be deprotonated.
The techniques used to further characterize the polyaniline
were:
- acid-base titrations,
- elemental analysis,
- further inverse TLC.
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4.3.3.1

ACID-BASE

TITRATIONS

There were two different kinds of titrations that were carried
out:
1 Direct titrations of polyaniline, in its conducting form, with a
standard base in order to determine its p K a value.
2 Indirect titrations, in order to determine the number of
equivalents of protonated sites per gram of polyaniline for a
range of p H values, including those of the various mobile
phases. This was done by equilibrating the polyaniline
samples in solutions of different p H , then soaking the
polymer in excess standard base overnight in order to
neutralize the protonated sites within the polymer. The
polymer was then taken out of the base and a back titration
was carried out against the remaining base with a standard
acid solution.
Measuring the pKa of polyaniline
There has been a number of conflicting reports concerning
the value of the p K a of polyaniline. S o m e workers have reported two
measurable values that correspond to the imine and amine sites,
respectively, within the polymer. These were 2.5 and 5.5200, and 2-3 and
6-7201, so there were some differences even between these measurements.
It has also been reported that the p K a value varies with the
p H of the solution in which it is being measured4*. This is a characteristic
of polyelectrolytes with which polyaniline has some similarities due to the
interchain proton and counterion hopping mechanisms, and also the
dependence of these aspects on the water content of the polymer. This
means that, as more of the polymer becomes protonated, the protons are
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held less strongly, i.e. the polyaniline becomes a stronger acid.
Conversely, w h e n the polymer is deprotonated the remaining protons
become held more strongly.
Finally, suggestions have been m a d e that the formation of a
two-phase solid, as described in Chapter 1, means that the proton content
of the polyaniline cannot be related to a nominal p K a value55. Such a wide
range of observed behaviour suggests that the acidity of the polyaniline is
highly dependent upon the synthesis conditions, as well as the
environment in which the measurements are made. The results of the T L C
experiments indicated unusual behaviour and it was, therefore, necessary
to measure the p K a of the polyaniline under similar conditions.
The burette, p H meter and reagents used are described in the
Experimental section. Polyaniline was prepared on a 10cm x 8 c m gold
film sheet using the standard procedure and reagents. Immediately after
deposition, before the polyaniline could dry out and set, it was sprayed
with a fine jet of water, which removed the outer layer of polyaniline
from the support. This polymer was collected on a filter membrane with
vacuum filtration and rinsed with 5 0 0 m L of 1 M H C I followed by 2 0 0 m L
of water. The collected polymer was partly dried in the vacuum filter and
then completely dried under vacuum (10"4torr) with an electric p u m p
(Javac) in order to remove the excess H C I and water.
The polymer was added to l O m L of water in a glass cell and
decarbonated by bubbling N2(g) through it for 20 minutes. This was
maintained during the titration also. The standard N a O H (1.24xlO" 2 M)
was also decarbonated. Each volume of base was added approximately
every two minutes, with the p H being allowed to equilibrate for this time
before being recorded. This time period was insufficient to allow
complete equilibration and the p H tended to decrease throughout this
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period. However, this did not interfere with the objectives, provided that
the time was kept relatively constant.
The resulting plot of p H vs volume of N a O H is shown in
Figure 4.12. This clearly indicates that there is no rapid transition of the
polyaniline from an acidic to a basic form and therefore that the
polyaniline has no well-defined p K a value under these conditions. This
could be due to three reasons:
1

The p H is not allowed to reach a state of equilibrium during
the titration. However, this rate of titration is still valid
because it corresponds to the rate of development of the
mobile phase during the TLC. If anything, it is even slower,
therefore, if equilibrium is not reached here, it will not be
obtained during a T L C experiment.

2

The polyaniline has a range of non-equivalent protonated
sites whose p K a values range from about 4 to 10. From our
knowledge of polyaniline structure and chemistry, this seems
to be unlikely. Although there m a y be several, it is unlikely
that they will cover the range suggested by the curve in
Figure 4.12.

3

The p K a value of the polyaniline is actually changing with the
p H of the environment, as other workers have proposed, and
therefore a sharp transition is not observed for this titration.
This is because the more base that is added, the more the
polyaniline becomes deprotonated and consequently the more
difficult it becomes to further deprotonate the polymer.

Of these possibilities, the third one seems most likely. However, there was
a need to carry out an equilibrium experiment in order to confirm this.
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Figure 4.12. Plot of pH vs volume of N a O H during the neutralization of
polyaniline (HCI).

Back titrations of excess base after neutralization of polyaniline preequilibrated at various p H s
In order to ensure that equilibrium conditions were reached,
an indirect titration method was used. Polyaniline was deposited onto 3 c m
x 3 c m sheets of Intrex gold film using the procedures and reagents
described in the Experimental section. The mass of the polyaniline
samples was accurately measured. A polymer sample was soaked in each
of the following solutions: 1 M HCI; water; phosphate mobile phase of
various p H s (approximately 2, 4, 6, 8 and 10) for 3 hours in order to
ensure an equilibrium condition was attained. All of the solutions were
bubbled in N2(g) prior to, and during, this process in order to minimize
the influence of C02(g) absorption on the pH. The polymer samples were
then rinsed briefly with water to remove traces of the solutions used
before

being

placed

in

lOmL

of

standardized
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1.307xlO_2M NaOH and left to equilibrate again overnight, once again
under a N 2 atmosphere. The polymer film was then removed and rinsed
with water, which was collected in the beaker from which the polymer
was taken in order to minimize losses of OH". The excess O H " was then
back-titrated with standard H C I (1.073xlO- 2 M).
The endpoint was determined by plotting p H vs volume of
HCI added and noting the vertical point of inflexion. F r o m these
measurements, the equivalents of protonated sites per gram of polyaniline
were calculated. These calculation steps are shown in Table 4.11.

Table 4.11. Calculation of the equivalents of protonated sites per gram of
polyaniline.
1) p H of
solution

2) mass of

3) equivs of

4) equivs of

5) equivs of

polyaniline

OH- exposed

H+ used in

OH-

exposed to

used

to after

initially

(g)

rinsing

titration with neutralized by
polyaniline
excess 0H3)-4)

6) equivs of
protonated
sites per
gram of
polyaniline
5) + 2)

0.06

0.0080

1.307x10- 4 1.041x10-4 2.660x10- 5

3.325x10-3

1.94

0.0083

1.307x10" 4

1.052x10-4 2.550x10- 5

3.072x10-3

3.81

0.0040

1.307x10- 4

1.191x10-4

1.160x10-5

2.900x10-3

5.71

0.0107

1.307x10-4 1.116x10-4

1.911x10-5

1.786x10-3

6.63

0.0050

1.307x10-4

1.234x10-4 7.305x10- 6

1.461x10-3

7.78

0.0094

1.307x10-4 1.266x10- 4

4.086x10-6

9.15

0.0094

1.307x10-4 1.288x10- 4

1.900x10-6 2.021x10-4

4.347x10- 4

A plot of the equivalents of protonated sites per gram of
polyaniline vs the p H of the solution that the sample was initially exposed
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to is shown in Figure 4.13. These results do indicate a change at around
p H 3.81. They also indicate that the change beyond this p H does not occur
very rapidly to a deprotonated state. In fact, even at p H 9.15, there were
still some protonated sites. T h e general features of the curve shape are
similar to those in Figure 4.12, except that the axes are different.
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Figure 4.13. Plot of the milliequivalents of protonated sites per gram of
polyaniline vs the pH of the solution exposed to initially.

This is further support for the idea that the p K a value of the
polyaniline is actually dynamic and dependent upon the p H of its
environment. Even if there were several different p K a values, it would be
expected that, at a p H of 9.15, the polymer would be fully deprotonated,
particularly if the values reported in the literature, as mentioned above,
are considered to be valid.
This also explains the results with the inverse T L C very well
and, in particular, the fact that anion exchange behaviour is still observed
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at high pHs. This contrasts quite considerably with the observations of the
dependence of conductivity upon p H , which shows a sharp transition from
a conducting form to a nonconducting form between p H s of 2 and 4.
However, these results indicate that the chemical properties of polyaniline
change in a more linear fashion with the structure of the polymer,
whereas the conducting properties encounter a critical p H value which
causes a transition from the conducting to the nonconducting state of the
polymer.

4.3.3.2

ELEMENTAL ANALYSIS

There were two approaches to the elemental analysis work.
One involved quantitative measurements of the elemental composition of
polyaniline in its protonated and deprotonated forms. This approach has
been used by numerous other workers. However, their procedures for
preparing polyaniline differed from that described here and such a test
was therefore deemed necessary in order to compare the different forms
of polyaniline. Electron probe microanalysis, a semi-quantitative
technique, was also used for extensive studies into the ion exchange
behaviour of the polyaniline.
Elemental composition analysis
Samples of polyaniline were once again obtained by
removing the outer polyaniline layer with a water jet from a wash bottle
and collecting, drying and washing this in a Buchner funnel. The sample
was divided into two approximately equal portions. O n e was treated by
soaking in 1 M H C I for three hours. The other was soaked in 10" 2 M N a O H
for the same time. The samples were collected on filter membranes within
Buchner funnels, rinsed with water and dried. They were further dried in
a vacuum p u m p to remove as m u c h H 2 O as was possible. The elemental
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composition for each sample was then measured for C, H , N , CI and O.
The results are shown in Table 4.12.

Table 4.12. Elemental composition of polyaniline at different pHs.
Element

Percentage composition
pH » 0

pH « 12

C

55.28

70.70

H

4.88

4.86

N

11.12

14.07

CI

16.45

3.17

O

7.44

5.28

If w e assume that all of the O is due to the presence of H 2 O
within the polymer sample, and modify our calculations to take this
source of H into consideration, then w e obtain the molecular structures
and formulae shown in Figure 4.14, based on the structure of
polyemeraldine. Thus, w e see that, even at a p H of about 12, there is a
significant proportion of sites within the polyaniline still capable of ion
exchange.
The exact ratio calculated from these results and the structure
depicted in Figure 4.14 [B] are approximations, as the amount of CI in the
polymer at the high p H was very low and m a y have been at the limit of
detection for the technique used. The important result is that there was
still CI present, which indicates that some anion exchange sites are still
present at this p H .
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Figure 4.14. Molecular structures and formulae of polyaniline at different
A) pH - 0; B) pH - 12. Obtained from elemental analysis.

Electron probe microanalysis
In order to obtain more evidence relating to the effect of the
mobile phases used on the ion exchange properties of polyaniline, electron
probe microanalysis (EPMA) was used. Small polyaniline samples on 3 c m
x 3 c m gold sheets were prepared with the usual procedures. These
polymers were then soaked for 30 minutes in the following solutions:

- 1MHC1,
- phosphate mobile phase solution p H ~ 2,
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- phosphate mobile phase solution pH « 4,
- phosphate mobile phase solution p H « 6,
- phosphate mobile phase solution p H « 8,
- phosphate mobile phase solution p H ~ 10,
- water.
The polymers were then rinsed with water and dried under a vacuum.
Each sample was then analysed by means of an electron probe
microanalyzer, as described in the Experimental section, for 100s with
the l-10Kev spectrum energy range, at a 2 0 k V electron energy, 100 x
magnification and with a 6 m m probe distance from the sample. The
results obtained are summarized in Table 4.13.
These results indicate several interesting features about the
TLC at high p H values:
1 They confirm, yet again, that anion exchange properties are
retained at high pHs. The presence of both P and CI at p H
9.11 and CI after exposure to p H 12.3 both support this,
particularly the latter.
2 An interesting trend within the results supports the idea
mentioned earlier about the reduced effectiveness of the
phosphate buffers at high p H s as an ion exchange mobile
phase. It seems that the CI - is not being displaced by the
H P O 4 2 - as efficiently. This can be seen in the increase in the
percentage of CI present at high p H values where the
phosphate mobile phases were used. Considering that all CI
present was in the polymer sample as a counterion, whereas
the P was in phosphate groups in l O m L of 0.025M to 0.05M
solution, then the P was present in a tremendous excess.
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Table 4.13. Results of electron probe microanalysis a).
Solution (pH)

Peak intensity

%

counterion

P

CI

Br

Au

P

CI

1 M H C I (0.09)

-

305

-

133

-

100

water (6.9)

-

364

-

56

-

100

10-2MNaOH
(12.3)

-

220

-

232

-

100

phosphate
sol'n (2.06)

214

n.d.

-

n.d.

100

0

phosphate
sol'n (4.08)
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38

-

n.d.

84

16

phosphate
sol'n (5.91)

148

83

-

n.d.

64

36

phosphate
sol'n (7.92)

64

408

-

57

16

84

phosphate
sol'n (9.11)

57

133

-

69

30

70

Br

Table 4.14.Results of electron probe m icroanalysis b).
phosphate
sol'n + 0.05M
Br (5.71)

86

90

447

n.d.

14

14

72

phosphate
sol'n + 0.05M
Br (7.79)

n.d.

119

349

108

0

25

75

phosphate
sol'n + 0.05M
Br (8.91)

n.d.

132

306

114

0

30

70

n.d.

68

181

0

100

10" 2 MNaOH +
0.05M Br
(12.32)

n.d. = not detected
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The significance of the second observation was tested by adding a neutra
anion, B r (to a concentration of 0.05M) to the phosphate mobile phases at
pHs where H P O 4 2 - was present in significant concentrations; those with
pHs of approximately 6, 8 and 10. The 0.05M N a B r was also made up in
the 10" 2 M N a O H solution. The results of these E P M A are shown in Table
4.14. They allow the following observations to be made:
1 Some of the observed loss of anion exchange capability was
likely due to the prevalence of the divalent hydrogen
phosphate ions in the mobile phase, which were not able to
support anion exchange at a level comparable with the
monovalent dihydrogen phosphate ions that are present at
lower p H values. This is clearly demonstrated by the presence
of higher concentrations of Br in the polyaniline samples than
elements relating to any other counterion species. In these
experiments, P was only observed in the polyaniline exposed
to p H 5.71, where the monovalent species H 2 P O 4 - is still
present.
2

However, the results are not as clearcut as expected. A
comparison of the percentage of counterion in Tables 4.13
and 4.14 reveals that the CI percentage was still increasing
with p H after exposure to the mobile phases, although this
was still less than the corresponding Br concentrations, which
stayed at approximately the same level. The exception to this
trend occurred with the 10" 2 M N a O H + 0.05M B r solution
sample, where no CI was detected.

3

The results in both experiments suggest that there is a
significant decrease in the anion exchange sites between the
pHs of 9 and 12. This conclusion is made by comparing the
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size of the A u peak intensity with that of the counterion
elements. Those with 10" 2 M N a O H are the only samples in
which the A u peak compares in size with the counterion peak
intensities. A s the polymers are on gold-coated sheets, the A u
peak should be present in each sample. In fact, an A u peak
could not be detected at all in m a n y of the samples. This
suggests that the A u signal is being lost amongst the
background at p H s less than 12.
This elemental analysis approach has helped to clarify some
of the anion exchange behaviour of polyaniline at high pHs. But some of
the results are still not able to be explained as a result of this work, for
example, the apparent retention of C r within the polyaniline at pHs up to
9, even in the presence of a comparably large concentration of B r .
A possible explanation for this is that some of the sites m a y
have size-exclusion characteristics, as CI" ions are smaller than both B r
and the phosphate ions. A s the total number of protonated sites is reduced,
the proportion of these sites becomes more significant. O H - ions would be
able to exchange with the larger C r ions, which would explain the absence
of CI in the sample exposed to 10' 2 M N a O H with 0.05M B r .

4.3.3.3

FURTHER INVERSE THIN LAYER CHROMATOGRAPHY

After obtaining the results with the E P M A technique, the
effect of using the phosphate mobile phase of p H « 10 with 0.05M NaBr
on the retention behaviour of the amino acids was also investigated.
Experiments were carried out using this mobile phase under the same
conditions as all of the inverse T L C in this chapter. The results are shown
in Table 4.15 and Figure 4.15.
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These results are interesting, as the retention of the various

groups of amino acids was m u c h closer here than in the phosphate mobile
phase, alone. In fact, the retention of the acidic amino acids has increased
somewhat and that of all the other groups of amino acids has decreased.
Both of these effects can be explained by the presence of the 0.05M B r
in the mobile phase. Overall, B r increases the anionic solvent strength of
the mobile phase. Consequently, the negative ions that were bound most
strongly to the polyaniline, the CI- and the acidic amino acids, were
displaced more, resulting in higher R f values.
In Section 4.3.1, the effect of a mobile phase with no ionic
solvent strength was seen, i.e. total retention of the acidic amino acids.
The slight increase in the elution (decrease in the retention) of the acidic
amino acids observed here can be explained by this increase in ionic
solvent strength of the mobile phase.
The slight increase in retention for the other amino acids, is
likely to be due to the B r ions displacing the CI - ions more effectively
than the H P O 4 2 - ions did, as w a s s h o w n in the electron probe
microanalysis study. Consequently, the other amino acids, which are also
negatively charged, although not as strongly as the acidic group at this
pH, were n o w able to interact with the positive sites on the polyaniline.
The high R f values of all of the amino acids, indicating little interaction
with the stationary phase, demonstrate the low degree of deprotonation of
polyaniline at this p H , as has been discussed previously. However, the
higher retention of the acidic amino acids is still apparent and confirms
all of the observations m a d e in Section 4.3.2.
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Table 4.15. and Figure 4.15. Rf values of amino acids with phosphate solution
pH9.1 +0.05MBr.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.92

0.031

valine

0.89

methionine

0.87

5
6
6

non-polar

0.89

glycine

0.91

0.053

threonine

0.93

asparagine

0.89

6
6
7

polar

0.91

arginine

0.93

0.029

histidine

0.94

5
6

positive

0.94

aspartic acid

0.75

0.054

glutamic acid

0.83

8
7

negative

0.79

0.045

0.028
0.033

0.040

0.037
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4.4

CONCLUSION
The information presented in this chapter is the result of a

comprehensive investigation. A good understanding of the properties and
behaviour of polyaniline, under the conditions used, has been obtained.
The predominant chemical interaction, under all conditions investigated,
was anion exchange. This was expected considering the accepted structure
of polyaniline as described in Chapter 1. Similarly, the reduction in the
strength of the anion exchange properties observed, with an increase in
pH, was not unexpected. However, there were features of both these
characteristics that could not have been predicted and which have not been
observed previously.
The anion exchange behaviour of polyaniline was found to be
at least as dependent upon the number of negatively charged sites on the
solute molecule as it was upon the strength of the overall anionic
character. This was apparent because of the m u c h stronger interaction of
the polymer with the acidic amino acids at all p H s tested, even where the
other amino acids were also negatively charged overall. A further
possible indication of the unusual nature of the anion exchange behaviour
was in the stronger interaction with aspartic acid compared with glutamic
acid. Most of the usual reasons for such behaviour were discounted
because of the lack of supporting evidence in the behaviour of the other
amino acid groups. The occurrence of some sort of configurationalselective ionic interaction with the polaron lattice of the polyaniline was
proposed. This feature requires further investigation before any certain
conclusions can be made, though.
Polyaniline was found to interact less strongly with divalent
species (in which the charged groups are closely situated as opposed to the
charge geometry for the amino acids which comprises multiple
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monovalent sites) than with monovalent anionic species. Furthermore,
there m a y have been an element of size exclusion in the anion exchange
behaviour. There was also evidence that polyaniline, under the conditions
used here, possesses sites with dynamic, acid-base properties. This study
has shown that polyaniline has quite complex anion exchange properties
that warrant further investigation.
There were some results, however, that were expected but
were not observed. Given the non-polar, hydrocarbon backbone of
polyaniline, it was thought that the non-polar amino acids would be
distinguished from those with polar groups, independent of a change in
the mobile phase. A difference was only observed (as reported in Section
4.3.1) when the mobile phase became more non-polar, i.e. saturated 1butanol in water. This suggests that this distinction was too subtle relative
to the overall polarity of the amino acids. Perhaps some other molecular
probes would serve to highlight this interaction better than amino acids.
One

other interesting interaction occurred

between

polyaniline and methionine. This was m u c h weaker than the anion
exchange interaction, but was observed consistently in the aqueous mobile
phases used in Section 4.3.2. It was proposed that this was due to an acidbase interaction, probably between the S in methionine and the N in the
polyaniline.
Overall, the use of inverse thin layer chromatography
provided substantial information on the properties of polyaniline (HCI),
some of which confirmed theories developed from other work and some
of which added to the existing knowledge. Other results highlighted areas
where understanding of polyaniline could be advanced by further
investigation. Another significant development was towards the use of
inverse chromatography in general. The use of various mobile phases
with progressively differing properties, combined with the choice of a
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suitable molecular probe series, is a potentially powerful tool for the
quantitative characterization of the stationary phase material.
T w o different approaches with the mobile phase were used in
this study:
1 The use of the mobile phase to vary the competitive
conditions between the solute, the solvent and the solid
material. This allowed the relative strength of the interactions
to be determined for a range of conditions.
2 The mobile phase can also be used in a more active fashion to
induce changes in the structure of the solute species and/or
the solid material. Both of these features were changing with
the p H of the mobile phase in this study, but it would be
possible to change only one aspect by choosing a suitable
molecular probe series.
Each of these approaches could be used with other inverse
chromatography techniques in order to obtain useful information.
The choice of amino acids for the molecular probe series was
appropriate for this study. However, in hindsight, it seems that the
changes in the chemical properties of the side chains were too subtle
compared with the overall properties of the amino acids, for any but the
strongest of chemical interactions to be observed. This is more of a
problem due to inherent limitations of the inverse T L C approach, itself,
than to the choice of the molecular probes. The T L C was limited by a
fairly low resolution as well as the particular difficulties associated with
detecting species on the stationary phase material. This last feature will
also restrict the choice of molecular probes that can be used and, thereby,
make it difficult to overcome the problems mentioned above. High
performance T L C could be used to improve the resolution, but it would be
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just as easy to use H P L C , with the latter technique being superior for the
detection of the probe molecules.
These limitations are of even greater significance w h e n
considering the use of conducting polymers as stationary phase materials
for analytic T L C applications. However, it m a y be that these can be
overcome with further investigations, particularly into detection methods
for conducting polymer surfaces. Then the interesting and, quite possibly,
unique properties of each type of conducting polymer could be used to
solve particular problems with T L C analysis.
However, as a characterization tool, the inverse T L C approach
was useful and provided some interesting information on the chemical
interactions that occur on polyaniline. This technique m a y play an
important role in the characterization of other n e w materials like
conducting polymers, particularly where these materials have properties
that make them less suited for HPLC.
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5 DETERMINING THE EFFECT OF AN APPLIED
POTENTIAL UPON THE CHEMICAL PROPERTIES
OF POLYANILINE
5.1 INTRODUCTION
In the previous chapter, the utility of inverse T L C for
characterizing the chemical properties of polyaniline (HCI) in its
conducting form w a s described. However, an important feature of
conducting polymers, such as polyaniline, is their electroactivity whereby
they can be 'switched', by electrochemical means, between states with
differing conductivities. Conventional nomenclature has sorted these states
into 'conducting' and 'non-conducting' (or insulating), although 'semiconducting' would be more appropriate instead of the latter terms in
many instances.
Polyaniline is an unusual polymer in that it undergoes
switching between three different redox states, as described in Chapter 1
and as illustrated in Figures 1.15 and 1.16. These states not only have
different conducting properties but are also likely to experience different
chemical interactions.
The ability to apply a potential, in order to affect the
retention of solute species passing through a column, has already been
demonstrated for conducting and/or electroactive materials, including
polypyrrole*7'63. This electrochemical chromatography can also be used,
with an inverse chromatography approach, to characterize the effect of an
applied potential upon the chemical interactions that occur on the
stationary phase material. The feasibility of using this approach for T L C
with polyaniline as the stationary phase is investigated in this chapter.
There were several aspects of the work that needed to be
investigated in order to develop a complete understanding of the system:
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- optimizing the electrochemistry cell/chromatography tank
design,
- choosing an appropriate mobile phase,
- performing electrochemical inverse T L C at various
appropriate potentials.
In order to assist in understanding m a n y of the observations m a d e during
this work, as well as that presented in earlier chapters, a study of the
voltammetry of polyaniline, under the conditions used here, was also
carried out and appears in a section at the end of this chapter.

5.2 EXPERIMENTAL
M a n y of the procedures used for the work in this chapter are
described in the Experimental section of Chapter 4. These include:
- the preparation of the polyaniline sheets (Section 4.2.1),
- the amino acid solutions, the visualization reagents and
materials and the procedures for the inverse thin layer
chromatography (Section 4.2.2).
S o m e aspects of the work were developed during this project
and are therefore described in the Results and Discussion section of this
chapter. These include:
- the cell/tank design,
- the mobile phase,
- the potentials applied for electrochemical chromatography.
The only other standard experimental procedures and
equipment used were the hardware for the electrochemistry: in applying
the potential and monitoring the current during the electrochemical
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chromatography; in monitoring the potential during the normal
chromatography; and in carrying out cyclic voltammetry for the
electrochemical characterization work.

5.2.1 THE ELECTROCHEMICAL EQUIPMENT
Electrochemical chromatography
A Princeton Applied Research (PAR) 363 Potentiostat/
Galvanostat was used to apply the constant potential and measure the
current output during the electrochemical chromatography. The resulting
chronoamperograms were recorded using Chart software (ADI) with a
MacLab workstation (ADI). The potential during T L C runs for null
potentiometry was measured and recorded with this same equipment. For
cyclic voltammetry in the chromatography tank, the cyclic potential
waveform was generated with a P A R 175 Universal Programmer in
combination with the rest of the equipment listed above.
Cyclic voltammetry
Cyclic voltammetry was carried out using a B A S CV-27
Voltammograph with the M a c L a b and Chart recording system. S o m e
voltammograms were also recorded using a B A S 100A Electrochemical
Analyzer. A conventional three-electrode cell was used with a platinum
sheet auxiliary electrode and a B A S silver-silver chloride ( 3 M KC1)
double-junction reference electrode. A 2 m m diameter platinum disk
electrode (BAS) was used for some of the cyclic voltammetry. Small
sheets of the Intrex gold-coated films were also used. The supporting
electrolytes used for this study were 1 M HCl( aq ) and also a phosphatebased mobile phase, the selection of which is discussed in Section 5.3.2.
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5.3

RESULTS AND

DISCUSSION

5.3.1 OPTIMIZATION OF THE CELL/TANK DESIGN

The aims of this work were to design and construct a
chromatography tank suitable for carrying out electrochemistry; one that
reproduced the development conditions of the tank described in the
preceding chapters. This meant it had to have the same atmospheric
saturation level, the same mobile phase volume and the same plate angle,
while incorporating a three-electrode electrochemical cell. During this
study, a number of important observations were made:
1

The importance of completely sealing off the development
chamber w a s realised after chromatography runs were
carried out without a lid, so that the three electrodes could be
electrically contacted. T h e plates developed m u c h more
slowly than the previous work and all of the amino acid
samples were detected at the solvent front. Even small
openings in the lid affected the development rate, presumably
due to effusion of the tank's mobile phase atmosphere out of
these holes.

2

The auxiliary and reference electrodes had to be in position
before the working electrode, and the working electrode had
to be able to be positioned very quickly. This was because the
mobile phase developed very rapidly after the first exposure
to the polymer (as described in Chapter 3), and the potential
had to be applied within seconds of the plate being positioned,
otherwise the full effects of the potential m a y not have been
realized in the retention values measured.
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3

It w a s found to be important to contact the polyaniline

directly, instead of the gold on the support, as this made the
polymer more electroactive. The evidence supporting this
claim appears in Section 5.3.4 where the results of a study of
the electrochemical behaviour of polyaniline under the
conditions used here is related.
A cell/tank design that overcame all of these problems and fulfilled all of
the requirements stated above is shown in Figure 5.1.

working
electrode
contact

reference electrode

auxiliary
electrode
contact

glass handles

saltbridge

working electrode
(stationary phase)

glass
support

auxiliary
electrode
(RVC)

UAA

electrolyte solution
(mobile phase)
Figure 5.1. The cell/tank used for electrochemical TLC.
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With this cell design, the working electrode is rested upon
a glass support that has two handles which protrude through sealed
apertures in the glass lid and which could be fixed at any height. They can
be used to lower the polymer sheet into contact with the mobile phase, or
raise it above the mobile phase and hold it there.
The auxiliary electrode was placed in the tank first, followed
by the mobile phase. The polymer sheet was then placed upon the glass
support. (Because the sheets were flexible, it was necessary to affix them
to the support with rubber bands; this did not affect the chromatographic
retention of the amino acids.) The lid was then positioned, with the stage
raised above the mobile phase. T h e reference electrode and saltbridge,
and the auxiliary electrode contact were then placed in position and
connected to the electrochemical hardware, along with the working
electrode. The cell was then allowed to sit for five minutes to allow the
mobile phase vapours to permeate the tank atmosphere. The working
electrode was then lowered into the mobile phase, using the handles
connected to the support stage, and the cell turned on.
Chronoamperometry and cyclic voltammetry tests were
carried out on the large polyaniline sheets in the tank, using 1 M HCl(aq),
in order to establish its validity as an electrochemical cell. The results
were found to be similar to those for the smaller sized polyaniline sheets
that are described in Section 5.3.4, although a potentiostat with a high
compliance voltage was required in order to apply potentials across an
adequate range.

224

CHAPTER 5

5.3.2

T H E CHOICE OF MOBILE P H A S E

Using the results from the previous chapter as a guideline,
the phosphate mobile phase of about p H 4 was chosen initially for this
study (recalling that the phosphate mobile phases were prepared in such a
fashion as to be suitable as a supporting electrolyte with these studies in
mind). This was because the best separation and the greatest retention for
all the amino acids were obtained with this mobile phase and also because
p H 4 is the highest p H before the conductivity of polyaniline is reduced,
which would also restrict the electroactivity, as indicated in Figure 1.15.
However, preliminary investigations with this mobile phase indicated that
the application of a potential had only a very slight and inconsistent
influence on the retention behaviour of the amino acids. Yet there was
just enough of an influence to suggest that more could be obtained if
conditions could be improved to enhance the interactions with the
stationary phase.
The initial results obtained indicated that the most probable
way in which the effect of the applied potential could be enhanced was to
slow d o w n the rate of development of the mobile phase. This could be
achieved in two ways:
1

B y reducing the capillarity of the polyaniline. This w a s
rather ironic, considering the time and effort spent in
optimizing the polymer preparation to obtain this at a high
level (Section 3.3.3.3).

2

B y adding organic modifiers to the mobile phase in order to
slow d o w n the rate of development. In the previous chapter,
it was reported that aqueous mobile phases developed several
times more rapidly than mobile phases with organic
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components. This is, of course, due to the high surface
tension of water, upon which the capillarity is dependent.
Of these options, the second was deemed more appropriate in terms of the
likely time required to achieve the desired result. However, the influence
of this organic modifier on both the retention (compared with the Rf
values obtained without the modifier) and the electrochemical behaviour
of the polyaniline had to be minimal so as not to interfere with the
objectives of this work. The following organic additions to the phosphate
mobile phase (pH = 4.1) were investigated:
- 1 0 % ethanol,
- 3 0 % ethanol,
- 1 0 % 1-propanol,
- 3 0 % 1-propanol,
- 1 0 % 1-butanol.
The results of these tests indicated that the addition of 1 0 % ethanol was
the most appropriate. It slowed d o w n the rate of development by a factor
of 2 to 3 times, i.e. from 10-12 minutes without the modifier, to 24-28
minutes with it. Furthermore, it had no observable influence on the
retention behaviour of the amino acids or on the electrochemistry of the
polyaniline (HCI) as observed with cyclic voltammetry. The Rf values
with this mobile phase are shown in Table 5.1 and Figure 5.2. These
results are very similar to those in Table 4.7 and Figure 4.7 in the
previous chapter. Therefore, the 1 0 % ethanol in phosphate buffer of p H
4.1 was used in the following investigations.
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Table 5.1. and Figure 5.2. Rf values of amino acids with 1 0 % ethanol in
phosphate solution pH 4.1.
Amino acid

Average Rf
\ralue

Number of
runs

Standard
deviation

alanine

0.85

3

0.021

valine

0.83

3

0.016

methionine

0.78

4

0.025

non-polar

0.82

glycine

0.85

4

0.039

threonine

0.86

4

0.016

asparagine

0.83

4

0.016

polar

0.85

arginine

0.80

4

0.019

histidine

0.79

4

0.022

positive

0.80

aspartic acid

0.24

5

0.070

glutamic acid

0.36

5

0.137

negative

0.30
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5.3.3 A P P L Y I N G A P O T E N T I A L D U R I N G T H E I N V E R S E T L C
With the cell design from Section 5.3.1 and the mobile phase
chosen in Section 5.3.2, the effect of an applied potential upon the
chemical properties of polyaniline (HCI) was investigated using
electrochemical inverse TLC. The following experiments were carried
out:
- null potentiometry, i.e. a test run in which the rest potential
of the system was monitored rather than applied,
- a blank run in which the rest potential, as measured in the
experiment listed above, was applied,
- a potential of 0.0V was applied,
- a potential of -1 .OV was applied,
- a potential of +1 .OV was applied.
These potentials were chosen because, according to the cyclic
voltammogram (CV) of polyaniline shown in Figure 1.16, the polyaniline
would have been in the conducting form at the rest potential, the reduced
form at -1.0V and the overoxidized form at +1.0V, with the latter two
forms being non-conducting. A potential of 0.0V was of interest because
it was close to the switching potential between the leucoemeraldine
(reduced) and emeraldine (conducting) forms of polyaniline. These
potentials were also chosen because the supporting electrolyte is different
here than for the C V shown in Figure 1.16, but they are extreme enough
to induce the desired change in the polymer even if the switching
potentials are different. The results of the tests are described in the
following sections.
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5.3.3.1 N U L L POTENTIOMETRY
For this study, the cell w a s connected up as if to apply a
potential. However, no potential was applied. Instead, the rest potential of
the system w a s monitored. This potential w a s found to be about
+0.25V±0.05V. This conforms to the expected value, considering that the
conducting form of polyaniline occurs at about this potential during cyclic
voltammetry (Figure 1.16).
The retention values of the amino acids were found to
correspond closely to those obtained in Section 5.3.2, which demonstrates
that the cell/tank was functioning as desired. These results are shown in
Table 5.2 and Figure 5.3 for comparison.

Table 5.2. Rf values of amino acids with 10% ethanol in phosphate solution
pH 4.1 while monitoring the system's potential.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.82

3

0.057

valine

0.85

3

0.026

methionine

0.75

3

0.042

non-polar

0.81

glycine

0.82

4

0.023

threonine

0.86

3

0.000

asparagine

0.83

4

0.009

polar

0.84

arginine

0.80

4

0.019

histidine

0.76

3

0.045

positive

0.78

aspartic acid

0.30

4

0.082

glutamic acid

0.34

4

0.160

negative

0.32
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Figure 5.3. Rf values of amino acids with 10% ethanol in phosphate s
pH 4.1 while monitoring the system's potential.

5.3.3.2 APPLYING A POTENTIAL O F +0.25V
W h e n the rest potential of +0.25V was applied during the
chromatography, there was very little current observed. There was also
no difference in the retention behaviour of the amino acids compared
with the null potentiometry experiments (Section 5.3.3.1), as was
expected.

5.3.3.3

APPLYING A POTENTIAL O F

0.0V

During the application of this potential, a small negative
current was observed, in the chronoamperogram recorded during the
chromatography, which dropped off gradually over time. O n average,
350mC of charge was passed, during the development, over about 25min.
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No change in the colour of the polyaniline was observed for either the
part lying in solution or that part through which the mobile phase moved
upwards. These observations suggested that there was no major structural
change in the bulk polyaniline at this potential.
The retention behaviour of the amino acids under these
conditions was interesting. There appeared to be no significant change
from that obtained with a potential of +0.25V upon first examination.
However, after comparing the results obtained w h e n applying potentials
of -1.0V and +1.0V, it seemed that the R f values might have increased
slightly overall. This is discussed more in Section 5.3.3.6. T h e results
obtained are shown in Table 5.3 and Figure 5.4.

Table 5.3. Rf values of amino acids with 10% ethanol in phosphate solution
pH 4.1 while applying 0.0V to the system.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.85

2

0.020

valine

0.86

2

0.005

methionine

0.80

2

0.075

non-polar

0.84

glycine

0.82

2

0.015

threonine

0.84

2

0.010

asparagine

0.83

2

0.005

polar

0.83

arginine

0.88

2

0.025

histidine

0.84

2

0.000

positive

0.86

aspartic acid

0.33

3

0.047

glutamic acid

0.38

2

0.025

negative

0.36
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pH 4.1 while applying 0.0V to the system.

5.3.3.4 APPLYING A POTENTIAL O F -1.0V
Under these conditions, a negative current was recorded
which dropped off gradually over the first 100s and then more rapidly.
Overall, about 1 7 0 0 m C of charge was passed during the development,
which was continued for about 25min. However, once again, there was no
significant change in the colour of the polyaniline, either in the solution
or where the capillary rise had occurred. This was unexpected, as the
negative current was indicating that a reduction reaction was occurring
and, when reduced, the polyaniline usually undergoes a colour change as
described in Chapter 1. The part of the polyaniline exposed to the solution
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did turn a slightly lighter shade of green after a while, but no change wa
observed in any of the polyaniline above this.
Under these conditions, the retention behaviour of the amino
acids had been affected to a significant extent, as indicated by the results
in Table 5.4 and Figure 5.5. A n increase in the R f values of all the amino
acids had occurred but, for the acidic amino acids, a very large increase
was recorded. In fact, this was so large that there was no significant
difference between the retention behaviour of any of the amino acid
groups; a result which had not been observed under any other conditions
during this entire project. This indicated that the application of -1.0V had
removed the anion exchange properties of the polyaniline.

Table 5.4. Rf values of amino acids with 10% ethanol in phosphate solution
pH 4.1 while applying -1 .OV to the system.
Amino acid

Average Rf
value

N u m b e r of
runs

Standard
deviation

alanine

0.93

2

0.010

valine

0.85

2

0.030

methionine

0.87

2

0.065

non-polar

0.88

glycine

0.86

2

0.015

threonine

0.86

2

0.050

asparagine

0.87

2

0.030

polar

0.86

arginine

0.90

2

0.030

histidine

0.92

2

0.035

positive

0.91

aspartic acid

0.82

2

0.045

glutamic acid

0.88

3

0.045

negative

0.85
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5.3.3.5

APPLYING A POTENTIAL O F

+1.0V

With the application of +1.0V, there was a positive current
observed for the chronoamperogram during the chromatography. This
decreased gradually over the first 100s before falling off more rapidly
afterwards. A charge of about 6 3 0 m C was drawn over 25min during the
development. Once again, there was no change in the colour of the
polyaniline while it was exposed to this potential.
The retention behaviour of the amino acids under these
conditions is shown in Table 5.5 and Figure 5.6. All of the Rf values have
decreased, relative to those for the blank run, indicating an increase in the
retention of the amino acids. Once again, it was with the acidic amino
acids that the most significant change occurred. Under these conditions,
their interaction with the polyaniline was very strong.
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Table 5.5. and Figure 5.6. Rf values of amino acids with 1 0 % ethanol in
phosphate solution pH 4.1 while applying +1 .OV to the system.
Amino acid

Average Rf
value

Number of
runs

Standard
deviation

alanine

0.76

2

0.025

valine

0.76

2

0.025

methionine

0.66

3

0.057

non-polar

0.73

glycine

0.79

2

0.020

threonine

0.75

2

0.030

asparagine

0.81

2

0.015

polar

0.78

arginine

0.80

2

0.035

histidine

0.77

2

0.015

positive

0.79

aspartic acid

0.09

3

0.022

glutamic acid

0.10

3

0.034

negative

0.10
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5.3.3.6

COMPARISON OF THESE

RESULTS

Taking the R f values for the amino acids, with the 1 0 %
ethanol in phosphate solution p H 4.1 without an applied potential (which
are shown in Table 5.1 and Table 5.2), as being equivalent to the results
for applying a potential of +0.25V, w e can discern a trend in the effect of
the applied potential upon the retention of the amino acid groups,
particularly for the acidic amino acids. This trend is shown in Figure 5.7.

mwwwwamwiwH

0.7-

non-polar

0.6-

Rf values

polar

0.50.4

positive

0.3

negative

0.2^
0.1

0
•1

0

0.25

1

applied potential (V)
Figure 5.7. The change in Rf values of the amino acid groups with the applied
potential.

There is an increase in the retention of the amino acids as the
potential varies from negative to positive. There are some exceptions to
this trend in going from one potential to the next but, when considered
overall, the trend is significant. It is most apparent with the acidic amino
acids. In fact, by plotting the Rf values of the acidic amino acids vs the
applied potential, so that the scale on the x-axis is numerical, a
relationship that is very close to linear is obtained. This is shown in
Figure 5.8. This result is very interesting, and although the number of
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points is too small to indicate a linear relationship with any great
assurance, it does s h o w that the applied potential has a definite and
substantial influence that is proportional to its magnitude and varies in
effect for potentials of different signs.
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Figure 5.8. A plot of applied potential vs the Rf values of the acidic amino
acids.

It was proposed, in the introduction to this chapter, that the
application of a potential would influence the retention of the amino acids
by changing the structure of the polyaniline to that of a different
oxidation state, which would therefore change the chemical interactions
that occurred. This w a s the reason for choosing the potentials that were
used, as discussed previously. However, these results do not support this
proposal, with three observations in particular suggesting an alternative
mechanism:,
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It was already pointed out that the colour of the polyaniline,
w h e n exposed to potentials that should have oxidized or
reduced it, did not change in the manner illustrated in Figure
1.16. In some instances that portion of the polymer in direct
contact with the mobile phase solution underwent a slight
change in shade. However, this region had no influence upon
the retention behaviour of the amino acids.

2 The chronoamperograms that were recorded during the
development indicated that an insufficient quantity of charge
had been passed to completely oxidize or reduce the polymer.
For example, during development at -1.0V, about 1.7C of
charge was passed over a period of about 26 minutes. A s
about 100C of charge was passed during deposition of the
polyaniline, and there are 2.5 electrons per m o n o m e r unit
required to produce polyaniline in the conducting form, 0.5
of which are used to oxidize the polymer (as shown in Figure
1.11), then it would require 2 0 C to completely reduce the
polymer (or oxidize it to the next oxidation state). Thus, the
amount of charge that has been passed is less than 1 0 % of the
amount required (even taking into account the fact that not all
of the polymer has been exposed to the mobile phase). The
charges passed with the other applied potentials were even
less, although still greater than 1%. This is still a significant
amount, however, and likely to change the electron density of
the delocalized polaron lattice and thereby influence the
chemical properties, but is not sufficient to alter the overall
structure of the polyaniline.
3

Even if the polyaniline had been completely oxidized or
reduced, the anion exchange properties would not have been
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affected as dramatically as was observed, particularly as for
the case w h e n -1.0V w a s applied. T h e other forms of
polyaniline would still be protonated to a considerable degree
under these conditions, as indicated in Figure 1.15, and anion
exchange interactions would still occur.

These observations, combined with the linear appearance of the
relationship between the applied potentials and the Rf values of the acidic
amino acids, suggest that the polyaniline remained, essentially, in its
conducting form, even at these extreme potentials. The results can then be
explained by the likely effect of the applied potential upon the positive
charge on the polymer backbone in this form. The application of a
reducing potential would add electrons to the polymer and thereby
decrease the positive charge on the backbone. At -1.0V, this has happened
to such an extent that the anion exchange properties of the polymer have
actually disappeared. At 0.0V, this effect is m u c h less and the anion
exchange interactions are decreased only slightly. At the other end of the
potential range, applying +1.0V would remove electrons from the
polymer backbone and therefore increase the positive charge, with the
effect of enhancing the anion exchange interactions.
This effect explains the observed retention behaviour, as well
as accounting for the relationship observed between the applied potential
and the anion exchange properties, and the other observations that are
listed above. This is a very interesting result, that has not been observed
previously to the best of our knowledge, and is worthy of further
investigation in order to deduce the precise nature and dependence of this
phenomenon. It also demonstrates very well the value of performing insitu characterization on conducting polymers, particularly w h e n applying
a potential to them.
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As a final observation, it is worth noting that the
reproducibility of this work was dependent upon the rate at which the
solvent front developed, to a m u c h greater extent than was observed in
the T L C studies in the previous chapter. A possible reason for this is
discussed at the end of the following section, which describes the
electrochemistry of the polyaniline plates. This effect will have to be
considered closely in any further examination of the electrochemical T L C
system.

5.3.4 THE ELECTROCHEMISTRY OF THE POLYANILINE PLATES
During the work carried out in this chapter, as well as in the
preceding ones, some interesting observations were m a d e regarding the
electrochemistry of polyaniline, as it was prepared for this study. Some,
also, were m a d e that are not referred to elsewhere in this thesis. This
section describes experiments carried out in order to pursue some of these
observations which include:
- the increase in electroactivity w h e n electric contact is made
through the outer polyaniline layer, rather than through the
gold sheet and the inner polymer layer,
- a decrease in electroactivity with thicker polyaniline films,
i.e. higher charges used during growth,
- the presence of a redox couple at about +0.5V, which arises
with the degradation of polyaniline by overoxidation202, and
which is also accompanied by a decrease in the
electroactivity.
The results presented in this section are from experiments that were
carried out in order to provide some information on these features and,
also, to determine if they were related to one another in any way. The
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main technique used was cyclic voltammetry which, although quite
limited as far as characterization techniques go, w a s sufficiently
diagnostic for this study. The results of this study were then discussed
with respect to the observations for the electrochemical TLC, as presented
earlier.
The increase in electroactivity with direct electric contact of the
polyaniline
The working electrode used in these studies is unusual, as it
consists of a very thin conducting gold film on a non-conducting support.
Care had to be taken to provide a good electric contact to this gold layer.
A crocodile clip with stainless steel plates soldered onto the inside of the
teeth was attached to the end of a conducting rod. Only one of these plates
provided an electric contact with the gold.
It was with this system that the difference in the voltammetry
between contacting through the gold, compared with the polymer itself,
was observed. A polyaniline film had been damaged during some of the
electrochemical studies, with s o m e of the outer polymer layer being
knocked off. In order to maintain the consistency of the polymer surface
for the study, this part of the polymer was kept out of the supporting
electrolyte and was, consequently, the point at which electric contact had
been made. The difference in the electroactivity of the polyaniline that
this produced is demonstrated in Figure 5.9, which shows the C V s
obtained for electrodes of equal surface area (2cm x 1cm), but with one
[A] contacting normally and the other [B] contacting with the polyaniline
directly.
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The shape of the C V in Figure 5.9[B] is m u c h better defined

and the current is also m u c h higher. These results suggested that the
change in electroactivity was related to the path that the current had to
take. In Figure 5.9[A], the current had to pass firstly from the contact
through the gold film, then the inner polyaniline layer and finally the
outer polyaniline layer before reaching the solution, and vice versa. In
Figure 5.9[B], the current could travel directly from the contact to the
outer polyaniline layer.
This indicated that either the gold film or the inner
polyaniline layer was responsible for the decrease in electroactivity. A
comparison of the electroactivity of polyaniline grown from less charge
indicated that electroactive voltammograms of polyaniline could be
obtained on the gold sheet electrodes. This meant that the inner
polyaniline layer was more likely to be responsible for the decreased
electroactivity.
Other observations also provided a possible reason for this.
As mentioned in Chapter 3, the polyaniline outer layer needs to set before
it becomes mechanically stable, whereas the inner layer does not.
However, w h e n small amounts of charge are used, resulting in only a thin
layer depositing, this too has a poor mechanical stability until it sets. This
suggests that the inner layer adheres more strongly to the gold substrate
with more charge and also that polyaniline does not grow only at the
polymer chain ends, but also fills in gaps within its structure. It was also
observed that the electroactivity of polyaniline decreased as a thicker
polymer was deposited (as discussed below), which m a y be a result of the
change in this inner polymer layer.
Studies with other, more conventional substrates, revealed
that the inner and outer polyaniline layers also form on glassy carbon,
platinum and solid gold electrodes. H o w e v e r , the effect on the
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electroactivity of polymer thickness is less drastic with these substrates.
This suggests that the gold sheets still do influence the electroactivity of
polyaniline in an unusual way, probably because the conducting layer is so
thin that the formation of oxide layers will affect it to a greater extent
than conventional gold electrodes and other electrodes.
With the cyclic voltammetry in the electrochemical cell/tank,
the improvement in the electroactivity was not as large with this type of
contact point, but it was still notable and therefore worthwhile. This m a y
have been due to the larger size of the electrode and therefore the greater
distance of polymer (not in solution) that it was necessary for the current
to travel through. A s this polymer was dry, its conductivity would have
been less205 and therefore a greater proportion of current had to travel
through the gold and then the inner polyaniline layer, anyway.
The decrease in electroactivity with increasing charge passed during
polymerization
T h e effect of increasing the charge passed

during

polymerization, upon the electroactivity of polymers on the gold sheets,
was important for the electrochemical T L C . This was because the
preparation conditions for the polyaniline were optimized based on the
capillarity of the polymer, which was greater with thicker polymers and
which were prepared with higher charges passed (Section 3.3.3.3).
This effect was studied using a platinum disk ( 2 m m diameter)
working electrode so that any unusual substrate effects could be avoided.
Potentiodynamic and potentiostatic growth conditions were used.
Potentiodynamic conditions were used because this provided a good
indication of the change in electroactivity with the growth of more
polymer. In Figure 5.10, C V s are s h o w n of the polyaniline after
potentiodynamic growth over the potential range -0.1V to +0.9V, at
lOOmV/s, for 60s, 300s, 600s, 1200s, 2400s, 4200s and 6000s.
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Figure 5.10. cvs of the potentiodynamic growth of polyaniline (HCI) on a 2 m m
platinum disk electrode; 0.3M aniline in 1M HCI; 100mV7s; after various
periods of time.
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The shape of the CVs changed dramatically over the duration
of the experiment; an obvious decrease in the electroactivity occurred
between 600s and 1200s, and this continued afterwards. There was also
evidence of overoxidation of the polyaniline with the presence of the
redox couple at +0.5V, but this was to be expected with the potentials
used. After 600s, the peaks started to become broader and the peak
separation of the redox couples increased until, eventually, the peaks
merged or disappeared out of the potential w i n d o w altogether.
Eventually, no discrete peaks could be observed at all. It is interesting to
note, however, that the polymer was still being deposited between the
4200s and 6000s points, as indicated by the increase in the current scale,
which means that the surface area of the polymer w a s still increasing.
Therefore, the polymer was no longer electroactive under these
conditions, but was still conductive enough for polymerization to occur.
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The polymer was also grown under the same potentiostatic
conditions used to prepare the T L C sheets: +0.8V, but with the platinum
disk electrode. The electroactivity was compared after every l O O m C of
charge had been consumed from l O O m C to 8 0 0 m C . The CVs, obtained at
lOOmV/s, after l O O m C , 2 0 0 m C , 4 0 0 m C and 8 0 0 m C are shown in Figure
5.11. These show a similar trend in electroactivity, with the increase in
polymer thickness, as for the potentiodynamic growth. The shape of the
C V differs slightly, but that is to be expected with the different
polymerization method used.

Figure 5.11. Cyclic voltammograms of polyaniline (HCI) on a 2mm platinum
disk electrode; 0.3M aniline in HCI; 100mV/s; obtained after potentiostatic
growth at +0.80V with varying amounts of charge passed.
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Both these sets of results (Figures 5.10 and 5.11) show trends
consistent with the occurrence of time-constant problems, which distort
the CVs in a fashion that is apparent here. Time-constant problems occur
in systems where the potential seen at the electrode solution interface lags
behind that applied by the potentiostat. This is usually due to a slow
electron transfer across the solid-solution interface or due to a slow
chemical step in the reaction. The CVs in Figure 5.9 show a similar trend.
If the increase in polymer thickness is responsible for
producing time-constant problems, then w e w o u l d expect the
electroactivity to reappear at slower potential scan rates. A polyaniline
film was prepared potentiostatically at +0.8V from 5 5 0 m C of charge on
the platinum disk electrode, which produced a polymer that would have
been electroinactive in the previous experiment. Here, C V s were recorded
at lOOmV/s, lOmV/s and lmV/s scan rates, as s h o w n in Figure 5.12.
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These clearly show a return of the electroactivity as slower scan rates are
used, confirming the time-constant supposition.
In conducting polymers, the switching mechanism results in
the m o v e m e n t of ions into and out of the polymer. It has already been
mentioned, in Chapter 1, that the limiting factor of this process is the
diffusion of the counterion species. It is possible that, with thicker films
of polyaniline, the physical structure impedes the m o v e m e n t of these ions,
particularly that of CI". This, in turn, implies that not only is the polymer
thicker, but it is also denser, possibly as a result of more cross-linking
which impedes the transport of ions through the polymer. This is,
therefore, a chemical inducement of the time-constant problems, rather
than a problem with the electron transfer.

Figure 5.12. cvs of polyaniline (HCI) on a 2 m m platinum disk electrode after
polymerization at +0.80V until 5 5 0 m C charge had been passed; 1 M HCI. The
scan rates are varied.
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It is worthwhile recalling, at this point, that the preparation
of the polyaniline used in this project was optimized on the basis of the
rate of capillary rise through the polymer. This seems to contradict the
observation m a d e above, that is, until the possible effect of the inner layer
is once again considered. It is likely that the inner polyaniline layer
becomes denser through cross-linking, with more charge passed during
polymerization until, eventually, the movement of ions into and out of
this layer becomes restricted. Meanwhile the outer layer remains quite
porous, with physical properties suitable for TLC. A comparison of S E M s
taken of the outer and inner polyaniline layer surfaces is given in Figure
5.13. Both polymers were grown under the same conditions. O n e was
allowed to set and the other was rinsed with water immediately after
preparation, which had the effect of removing the outer layer. The outer
layer is fibrillar and obviously porous. However, the inner layer is very
smooth, apart from the remnants of the outer layer on the surface, and
appears to be densely packed with no visible pores. This observation also
supports the idea that the time-constant problems are caused by the
restriction of ion movement through the inner polyaniline layer.
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[A]

[B]

Figure 5.13. S E M S comparing the surface morphology of; [A] the outer layer of
polyaniline (HCI); [B] the inner layer of polyaniline (HCI).
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The decrease in electroactivity due to overoxidation
S o m e interesting observations were also m a d e w h e n using a
thin polyaniline film ( 2 5 m C ) to compare the effect of the scan rates on
the CV. Again, scan rates of lOOmV/s, 10mV/s and lmV/s were used. The
polymer w a s then tested at 100mV/s again. A comparison of the C V s
obtained is shown in Figure 5.14. The first C V at 100mV/s indicates that
the thin polyaniline is quite electroactive but, after being exposed to high
positive potentials, during the C V s at 10 and lmV/s, where it is
overoxidized, it has lost m u c h of its electroactivity. This was confirmed
in an experiment where the polyaniline was cycled at lOOmV/s for 4500s
in order to induce a voltammogram with a similar shape to Figure
5.14[D].
These results are interesting because the change in the C V also
indicates time-constant problems as a result of overoxidation. There are
two current theories on the effects of overoxidation of polyaniline:
1

Kobayashi and co-workers*3 theorize that the overoxidation
causes the production of p-benzoquinone, which is then
released from the film into solution. The polyaniline film is
then terminated at each point where this reaction has
occurred. This would have the effect of making the polymer
more porous, as it would become less cross-linked.

2

Thyssen and co-workers 55 report a different mechanism of
degradation involving the production of phenazine linkages,
which m a k e the polymer more cross-linked.
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Figure 5.14. Cyclic voltammograms of polyaniline (HCI) on a 2 m m platinum
disk electrode, grown potentiostatically at +0.80V until 2 5 m C of charge had
passed; 1M HCI; the scan rate is varied.
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The results reported here support the latter theory. Although
the evidence for it is not direct, the results are convincing and suggest that
the loss of electroactivity for the polyaniline m a y be due to overoxidation
within the inner polyaniline layer, which increases the cross-linking of the
polymer, thereby greatly reducing the diffusion of counterion species into
and out of the polymer. This phenomenon m a y be acting alone or in
combination with a space-filling polymerization mechanism, which
becomes significant after high charges have been passed, to produce the
observed results.

These results indicate that there would have been some timeconstant problems, during the electrochemical TLC, caused by a slow rate
of diffusion of ions through the inner polyaniline layer. This was only
partially overcome by contacting the polyaniline outer layer directly, as
discussed earlier. Also, the electrochemical conditions in the development
tank were rather unusual, with only a very thin layer of 'bulk' solution at
the polymer interface, above the level of the mobile phase liquid. These
two features combined m a y have been responsible for the unusual
observations during the electrochemical TLC, in which the polyaniline was
apparently not oxidized or reduced as was expected, but in which the
positive charge on the polymer backbone varied with the potential.
A possible mechanism for this influence would be a charging
or discharging of the polymer during the development because of the
slow rate of diffusion of ions through the inner polyaniline layer. The
polymer is still conducting under the conditions of this experiment but it
is not electroactive. Therefore the electrons that were transferred into, or
out of, the polyaniline would not have been able to participate in the
chemical reactions that changed the structure of the polymer and instead
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would have changed the density of the positive charge on the polymer
backbone.
Another observation that could be relevant w a s the
dependence of the retention, with an applied potential, upon the rate of
development of the mobile phase. This also supports the idea that the
transport of ions within the polymer could be the determining factor in
the electrochemical T L C with polyaniline. This is a very interesting
possibility that warrants further investigation.

5.4 CONCLUSION
The work in this chapter has demonstrated that inverse thin
layer chromatography can be readily used with an electrochemical
chromatography approach. Although the mechanism was different to that
proposed at the beginning of this project, the results indicated that the
application of a potential to the polyaniline sheet did have an effect on the
retention behaviour of the amino acids. The main effect was on the anion
exchange properties of the polymer, which are by far the strongest
interactions, as established in the previous chapter. The application of a
reducing potential was found to decrease the anion exchange interactions
and an oxidizing potential to increase them in a manner that was close to
being linear with the potential applied.
A mechanism was proposed in which the positive backbone of
the polyaniline was discharged or charged by the potentials applied during
the development. This occurred because of the slow diffusion of ions
through the inner layer of polymer and because of the dimensionally-thin
layer of supporting electrolyte that had to support the current. The
discharging and charging changed the density of the positive charge on
the polymer's backbone and, in turn, caused a change in the anion
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exchange interactions that occur on the polymer. This was a particularly
interesting result and demonstrated admirably the importance of using insitu characterization techniques.
Therefore, the application of electrochemical T L C for
analytical purposes is definitely worth investigating further and could be
of use in solving separation problems. However, the main limitation is
still with detection of the analyte species, as outlined in the previous
chapters. A n electrochemical chromatography cell/tank was designed and
applied during this work and was found to perform satisfactorily, so that
aspect of the method would not be a problem.
There were also some interesting observations m a d e about
the general electrochemical properties of polyaniline during the course of
this study. These mainly concerned the dependence of the observed
electroactivity upon various aspects of the polyaniline, such as the
formation of a non-porous inner layer that hampered the diffusion of the
counterion species and, as a result, the electroactivity of the polymer. It
was likely that this phenomenon was caused by cross-linking due to
overoxidation of the polymer with the preparation conditions used, or due
to a gap-filling polymerization mechanism for the inner polymer layer. It
is conceivable that both of these conditions can occur.
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6

MOLECULAR RECOGNITION WITH POLYPYRROLE

6.1 INTRODUCTION
In its broadest sense, molecular recognition can be defined as
the phenomenon whereby a receptor molecule or macromolecule interacts
with some chemical species to a greater extent than others due to the
existence of favourable non-covalent molecular interactions. The types of
molecular interactions, and the chemical interactions that they give rise
to, were discussed in detail in Chapter 1.
In practice, there are several different ways that molecular
recognition properties can be induced within a system:
1

Receptor incorporation, in which the receptor molecule is
trapped or fixed into position, without any structural
modification, in order to interact selectively with a particular
chemical species or group of species. This technique is often
used by analytical chemists in order to produce selective
sensors.

2

Receptor modification, in which an existing, active receptor
molecule has its chemical structure modified in order to
change the selectivity of its interaction with chemical species.
This approach is used mainly by biochemists and medicinal
chemists.

3

Structure-directed synthesis of artificial receptor molecules,
in which a receptor molecule is designed for a particular
species based upon the likely occurrence of favourable
interactions and is then synthesized, with the interacting
components put together in a conformation that is
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complementary to that of the species of interest. This
approach is carried out by synthetic chemists.
4 Molecular imprinting of the chemical species, in which the
species of interest is exposed to the receptor molecule, or its
component

molecules, which then assemble into a

conformation most favourable for the molecular interactions.
There m a y then be a synthesis step in order to fix this
conformation, such as a polymerization reaction. The
substrate molecule is then removed, leaving an imprint in the
receptor molecule with all the functional groups in the right
arrangement to interact selectively with the substrate species.
With respect to conducting electroactive polymers, the
receptor incorporation approach has been used considerably, with
examples of the types of active molecules that can be incorporated
described in Chapter 1. The structure-directed synthesis approach has not
been considered. However, with the different m o n o m e r s that are n o w
available, it seems only a matter of time before synthesis methods for
conducting polymers are developed that will be able to m a k e use of the
'building block' properties of m a n y of the monomers, particularly
pyrrole and its derivatives727.
T h e polymerization techniques currently used with
conducting polymers are ideally suited for the molecular imprinting
approach. A s has already been described in Chapter 1, the counterion
species that are incorporated during polymerization, associate with the
radical-cation oligomers of pyrrole during this process. This would
provide plenty of opportunities for any self-assemblage to occur in order
to maximize the interactions. These favoured conformations could then be
fixed during the polymerization and precipitation processes that follow.
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There is no direct evidence, as yet, to support or confirm the
occurrence of this phenomenon. This is partly due to a lack of interest,
and also partly due to the well documented dynamic and amorphous
natures of the conducting polymers, which would seem to preclude any
such interaction from occurring. However, the existence of these
seemingly contradictory properties can possibly be explained by
acknowledging the influence of the different counterion sites within the
polymer, described as 'deep' and 'shallow' sites in the General
Introduction chapter. It could be that the comparatively labile 'shallow'
sites, which give rise to the solution ion exchange phenomena and the
capacitive currents during switching, do not have a strongly imprinted
quality to them. Alternately, the 'deep' sites, which are more fundamental
to the conducting properties of the polymer and are more stable (only
being changed upon switching, during which the 'Faradaic' current is
generated), m a y enable selectivity for the counterion species to occur
through an imprinting phenomenon. Therefore, molecular recognition
due to imprinting of the counterion species is likely to be a subtle
interaction and difficult to observe.

6.1.1 OBJECTIVES OF THIS STUDY

The main objective of this project was to obtain direct
experimental evidence of the occurrence of molecular recognition on
conducting polymers, through a molecular imprinting process. Then, this
interaction was to be optimized by varying the polymerization conditions
and testing the resulting recognition properties of the polymer, i.e.
developing a structure-activity relationship. T h e most appropriate
polymer to use was polypyrrole because of the range of counterions that
can be incorporated. A variety of counterion systems were investigated,
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depending on the characterization techniques used, as described in the
Results and Discussion section.
Several techniques were used to study this phenomenon, as
listed below:
- electrochemistry,
- spectrometry,
- inverse chromatography.
These were investigated in that order, as electrochemistry was potentially
the least qualitatively sensitive method, but was also the quickest and least
complicated technique. The methods become more sensitive, but more
complex and time-consuming d o w n the list, with inverse chromatography
likely to be the most powerful technique available to characterize the
subtle molecular imprinting phenomenon.
However, numerous difficulties were encountered during this
work and eventually the study was discontinued so that more time and
effort could be spent towards the studies presented in the previous
chapters. Despite this, s o m e useful observations were still m a d e
concerning the utility of the characterization techniques listed above for
this study. These are presented, with some illustrative examples of the
results obtained, for the benefit of other workers that continue this study.
The Conclusions section also contains a discussion on the best method to
use in order to pursue the objectives described here in future studies.

6.2 EXPERIMENTAL
The molecular probes that were used in these investigations
and the polymer preparation conditions are described in the Results and
Discussion section wherever relevant, along with the approach used
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towards characterizing the molecular imprinting properties. The
instrumentation and standard procedures are described in this
Experimental section, for each of the techniques used.
6.2.1

ELECTROCHEMISTRY
Cyclic voltammetry was carried out using a B A S CV-27

Voltammograph with the MacLab and Chart recording system. A
conventional three-electrode cell was used with a platinum sheet auxiliary
electrode and a B A S silver/silver chloride (3M KC1) double-junction
reference electrode. The working electrode was a 6 m m diameter glassy
carbon electrode (PAR).

6.2.2 SPECTROMETRY

The electron probe microanalysis work was carried out with
a TN-2000 Microtrace detector (United Science) coupled with a Hitachi
S-450 scanning electron microscope. The polymers were deposited onto
sheets of carbon foil (Goodfellows).

6.2.3 INVERSE CHROMATOGRAPHY

The polymers were deposited onto 6 p m carbon fibre
(Cortaulds) which was then pulverized in a rock grinder and sieved. The
particles were packed under pressure into an empty column. A pump and
injector (Dionex), and a conductivity detector (Waters 430) coupled to a
MacLab (ADI) recorder made up the chromatography unit.
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6.3

RESULTS AND

DISCUSSION

6.3.1 ELECTROCHEMISTRY

The approach to establishing the occurrence of molecular
recognition behaviour on polypyrrole, using electrochemical techniques,
involved four separate steps:
1 Preparation of the polypyrrole with a particular counterion
incorporated. This w a s usually done for at least two
counterions.
2 Recording the electrochemical signature for that particular
system in order to enable each counterion species to be
distinguished from another.
3

Expulsion of the counterion from the polypyrrole by
dedoping. This was done by applying a potential where the
polymer is reduced.

4

T h e selective re-uptake of the counterion species from a
solution of mixed anions, with the selectivity of the uptake
established by comparing the responses obtained during step
two for each of the anionic species in the mixture.

Obviously, the critical step in this procedure is the second one, and this
was where the most significant problems were encountered.
T w o different sets of counterion species were investigated,
the first one being the simple anions, C L and N O 3 - . However, the
voltammetric signatures of the polypyrroles grown from these
counterions were too similar to enable any selective interaction between
the counterion species and the uptake of the same anion from the solution
to be determined.
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In order to overcome this problem, electroactive counterion
species

were

investigated. T h e

sulphonated

anthraquinones,

anthraquinone-2,6-disulphonic acid, anthraquinone-l,5-disulphonic acid
and anthraquinone-2-sulphonic acid were used. With an electrolyte p H of
2, these gave oxidation peaks at +0.5 IV, +0.24 V

and +0.06V,

respectively, which are different enough to distinguish between each of
the species. The cyclic voltammograms obtained are shown in Figure 6.1.
However, w h e n the anthraquinone species were incorporated
into the polypyrrole as counterions, these peaks were not observed,
although the voltammograms obtained were still different and could
therefore be used to distinguish between the species. The voltammograms
obtained for each of the polymers are shown in Figure 6.2. Although
these provide quite different signatures, there has clearly been a loss of
ability to confidently detect the presence of each anthraquinone species
when present as a counterion in polypyrrole.
A n even greater difficulty arose when, during step 4 in the
procedure described above, it was observed that there were no differences
between the voltammograms obtained from solutions of each of the
anthraquinone species. Therefore, it was concluded that either there was
no uptake and exchange of counterions from these solutions or that the
shapes of the voltammograms were not directly indicative of the
counterion species. Either way, the electrochemical approach was deemed
to be unsuitable for this study.

268

CHAPTER 6

Figure 6.1. Cyclic voltammograms of: [A] 0.0125M anthraquinone-2,6disulphonic acid; [B] 0.0125M anthraquinone-1,5-disulphonic acid;
[C] 0.0125M anthraquinone-2-suiphonic acid, on a glassy carbon working
electrode; 50mV/s; 0.05M NaCI + 10~ 2 M HCI (pH = 2) supporting electrolyte.
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Figure 6.2. Cyclic voltammograms of: [A] polypyrrole (anthraquinone-2,6disulphonic acid); [B] polypyrrole (anthraquinone-1,5-disulphonic acid);
[C] polypyrrole (anthraquinone-2-sulphonic acid), deposited onto glassy
carbon; 50mV/s; in supporting electrolytes of 0.0125M of the counterion
species + 0.05M NaCI + 10" 2 M HCI (pH = 2).
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6.3.2

SPECTROMETRY
The spectrometric technique used here was electron probe

microanalysis ( E P M A ) , which provides a semi-quantitative elemental
analysis. It was used in order to detect the presence of counterion species
within the polymer, where the electrochemical methods were inadequate.
However, one limitation was that the counterion species had to have at
least one distinct element with a reasonably high molecular weight.
Therefore, the counterions chosen (with the elements that would be
detected) were anthraquinone-2,6-disulphonic acid (S), ferrocyanide (Fe)
and perchlorate (CI). With these counterions and the E P M A detection
method, the following steps were used:
1

Polypyrrole was grown from each of the counterions and
deposited onto an electrode as for the electrochemical studies.

2 Then two different exchange approaches were used. One
involved electrochemical dedoping followed by doping in the
presence of a mixture of the counterions as for the
electrochemical studies. A n ion exchange experiment was also
conducted, with the electrodes with the different counterion
species placed in a solution mixture of the same anions,
without a potential being applied. This was to establish any
differences between the selectivity of the 'deep' and 'shallow'
sites that have been described previously.
3

The presence of the different anion species in each of the
polypyrroles was then determined using E P M A in order to
ascertain if any selective interactions due to molecular
imprinting had occurred.

The results were disappointing, as the E P M A

technique w a s not

quantitative enough to establish if molecular recognition behaviour was
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occurring. It indicated that ion exchange and counterion exchange did
occur under both of the test conditions, but no selectivity for the
counterion incorporated during polymerization was observed under either
of the conditions. This was somewhat surprising, considering the
significant difference in the chemical and physical properties of the
counterion species used. However, the results did indicate that the
polypyrroles grown from the largest counterion (anthraquinone-2,6disulphonic acid) were less amenable to change than those from smaller
ones (CIO4-), a trait that has been well established in the literature.
Therefore, these results seemed to suggest that molecular imprinting did
not occur. However, as a negative result from such a test is not sufficient
proof, an even more sensitive technique was required.

6.3.3 INVERSE CHROMATOGRAPHY
Inverse chromatography, and in particular inverse H P L C , is
one of the most powerful techniques available for characterizing
molecular interactions. M u c h of that work involved the chemical
polymerization of conducting polymers onto silica gel in order to obtain a
stationary phase material suitable for HPLC* 3 . However, the range of
counterions required in order to investigate molecular imprinting
necessitated the use of electrochemical polymerization.
Previous efforts at electrochemical polymerization have used
reticulated vitreous carbon as the substrate*3. However, their irregular
shape caused an incomplete surface coverage of the polymer, as well as a
poor performance with H P L C , mainly through a low resolution of the
analyte species. Therefore, a n e w substrate material - carbon fibre - was
investigated.
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T o summarize, the carbon fibre was also inadequate as a
substrate. A good surface coverage of the polymer was able to be
achieved during electrochemical polymerization, but the fibres had to be
subsequently pulverized and sized, which exposed sections of the fibre
and, quite probably, removed some of the surface polymer coating, as
well. Furthermore, the carbon particles produced were highly cylindrical
in shape, with variable lengths and, consequently, were also unsuitable for
high resolution H P L C , as they tended to settle continuously and also
seemed to be susceptible to channel formation. Figure 6.3 shows a
scanning electron micrograph of the carbon fibre particles after
pulverizing.

Figure 6.3. SEM of carbon fibre particles.
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Therefore, the investigation of molecular imprinting on
conducting polymers with inverse H P L C will have to await the
development of an appropriate substrate material. However, at the time of
writing this thesis, a n e w carbon material, with regular, spherical
particles of a small size (which are ideal for H P L C ) , as well as a n e w
polymerization cell for the deposition of conducting polymers onto such
particles, have b e c o m e available204. Thus, a detailed investigation of
molecular imprinting on conducting polymers, with inverse HPLC, should
be a high priority for future research on this topic.

6.4 CONCLUSION
It is apparent, from the Introduction, that the molecular
imprinting phenomenon on conducting polymers, if it occurs at all, is a
subtle one. Therefore, only the most sensitive of techniques will be able to
detect it. The possibility of this interaction being submerged beneath nonselective counterion exchange interactions, due to the occurrence of nonequivalent sites of counterion incorporation within the polymer, was
discussed.
O f the approaches described in this chapter, the only one that
is sensitive enough

and versatile enough is inverse

HPLC.

Chromatographic techniques separate the interaction and detection steps,
with the result that both steps are more sensitive. It also provides a more
certain control over the kinetics of the interactions that occur, through
regulation of the flow rate of the mobile phase, and this m a y be a
significant factor in the detection of molecular imprinting systems in
general.
A s mentioned earlier, the main problems with this approach
are in electrochemically preparing the conducting polymers in a form
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suitable for high resolution H P L C . However, recent developments m a y
allow these problems to be overcome. That being the case, there are a
multitude of molecular probe series that can be used. The first one should
use a series of simple anionic counterions, which were actually considered
for the study in this chapter. Simple anions are likely to produce good
quality polymers most readily because of their high solubility in water
and good ionic conductivities. They also have a range of chemical and
physical characteristics that should produce selective interactions if
molecular imprinting occurs. These include the following:
- ionic radii (hydrated) or size,
- polarizability,
- surface charge density,
- physical geometry,
- hydrogen-bonding,
- polarity.
This will also enable those qualities that are most important to producing
molecular imprints to be ascertained. Other molecular probe series, with
more subtle differences, can also be used in order to determine the degree
of selectivity that is able to be achieved.
B y producing polypyrrole stationary phases with each of the
molecular probes as counterions, and then comparing the retention of
each of these species on all of the stationary phases, it should be possible
to establish whether or not molecular imprinting does occur. If detected,
the preparation conditions of the stationary phase can then be varied in
order to optimize the conditions under which imprinting occurs and also
to determine what factors contribute to it most.
A technique that was not used to investigate the occurrence of
molecular imprinting phenomenon, but which could also prove to be
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useful, is the dynamic contact angle analysis technique discussed in
Chapter 2. This method will be able to measure the strengths of the
interactions between a polymer with a counterion and a solution with the
same anionic species, and may, therefore, provide useful complementary
information to the inverse chromatography approach.
In summary, this project has not provided any further
evidence for the occurrence of molecular imprinting on conducting
polymers. However, it does provide a useful platform for future
investigation using the techniques that are most likely to provide this
information or, at least, to determine whether or not molecular
imprinting does occur at all.
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7 GENERAL CONCLUSIONS
The realization that polymer materials need not be chemically
and electronically inert has coincided with the advent of conducting
polymer science. M a n y investigations into the chemical interactions that
occur on dynamic, solid interfaces have used these polymers as test cases.
H o w e v e r , it soon b e c a m e apparent that most of the existing
characterization techniques were unsuitable for such a purpose, and that
n e w approaches were needed with m o r e emphasis on in-situ
characterization of the chemical properties of the polymer-liquid
interface. T h e primary objective of this thesis w a s to address this
deficiency by using existing and, where necessary, developing n e w in-situ
characterization techniques to investigate the chemical interactions that
occur on the conducting polymers, polypyrrole and polyaniline.
The two main in-situ characterization techniques used in these
investigations were Wilhelmy's plate technique and inverse thin layer
chromatography. Wilhelmy's plate technique is an old method that has
been used to investigate the surface properties of other materials, but has
not been used previously for conducting polymers to any significant
extent. Inverse thin layer chromatography was developed during the
course of this project specifically for use with conducting polymers. Each
technique was very useful and provided some interesting results on the
chemical interactions that occur at the interfaces of polyaniline and
polypyrrole. The techniques were also quite complementary, not only in
the type of interactions that they were able to observe, but also with
regard to the physical requirements of the polymers that were used with
each; polymers that could not readily be used with one technique were
suitable for the other.
Wilhelmy's plate technique measures dynamic contact angles
and was found to be useful for comparing the total interaction that occurs

CHAPTER 7

277

between the conducting polymer interface and water, as was described in
Chapter 2. Information on the wettability (hydrophilicity or
hydrophobicity) of the polymer surface and on the adhesion of water at
the interface were obtained by comparing the advancing and receding
contact angle values, respectively, for polymers that had been prepared
from different conditions. Polypyrrole and polyaniline were compared
directly, with polyaniline giving results that indicated a stronger
interaction with water. However, this was concluded to be caused, to a
significant extent, by the porous physical properties of the polymer
which, under some circumstances, interfered with the measurement of the
contact angles because of the occurrence of capillary rise. Therefore,
polypyrrole was used for most of these studies.
With polypyrrole, the effects of the addition of different
functional groups to the monomer, of using different substrates, of the
substrate pretreatment methods, of the counterion species incorporated
into the polymer and of the electrochemical polymerization methods on
the properties of the polymer interface were established. The most
diagnostically useful results were obtained with the molecular probe
approach, w h e n different functional groups that contributed well-defined
chemical interactions, in this case hydrogen-bonding, were used. The
contact angles obtained from polypyrrole, polyCMP, polyCEMP and a
copolymer of pyrrole and C M P indicated that the wettability of the
polymers increased with the proportion of the functional groups capable
of undergoing hydrogen-bonding with water.
Observations were m a d e on operational aspects of the
technique as well. For instance, more than one immersion cycle should be
used, with a greater immersion depth used for the second cycle. This
enables the first advancing angle to be measured on each cycle and the
changes in the advancing contact angle for the second cycle to be
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observed. Generally, these changes were found to vary considerably
between samples. There was not a significant change with the receding
angles for each cycle because the conditions were similar. The forcedistance plot was found to be useful in its o w n right for determining
trends in the surface properties of the polymers. The technique was also
found to be very reproducible.
The development and optimization of inverse T L C with
conducting polymers was described in Chapter 3. Polypyrrole and
polyaniline were prepared in forms suitable for a stationary phase for
TLC. Both electrochemical and chemical polymerization methods were
used. Chemical methods were better able to produce a polymer in a form
with physical properties suitable for T L C because a porous substrate (i.e.
filter paper) could be used. It was more difficult to produce polymers
with suitable properties by electrochemical deposition and only
polyaniline was able to be prepared in this manner. The reasons for this
were the same as those for w h y polyaniline was not suitable for the
contact angle analysis: it exhibits capillary rise, whereas polypyrrole, in
its electrochemically deposited form, does not. Therefore, the two main
characterization methods used in this project complemented one another
in terms of the polymers that were suitable for each. Electrochemical
deposition was more appropriate for characterization purposes as there
was no material present, other than the polymer, to influence the
retention of the molecular probe species. Therefore, electrochemically
deposited polyaniline was chosen to be used for the detailed inverse T L C
study.
A method for detecting the presence of the amino acid
molecular probes was developed during the work described in Chapter 3
as well. This method was satisfactory for characterizing the chemical
interactions that occur on the stationary phase. However, it appears to be
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unsuitable for analytical purposes due to the high concentrations of amino
acids that are required. This is the main limitation with using conducting
polymers as stationary phases for TLC.
Chapter 4 describes the use of inverse T L C to characterize the
chemical interactions that occur on polyaniline. This approach to in-situ
characterization offers an interesting contrast to that of the contact angle
analysis. It enables the relative strengths of different chemical interactions
to be measured, which indicate any inherent selectivities that the polymer
m a y possess. The use of the amino acid solute species as molecular probes
was successful in this regard. This work was also important because it
introduced the concept of using the molecular probe approach by varying
the characteristics of the mobile phase in order to enhance particular
chemical interactions. This was done in two ways: by changing the
strength of a particular chemical interaction that occurs with the mobile
phase; and by inducing a change in the structure of the stationary phase
material, which causes the interactions that occurred to be varied.
The results of this work indicated that, by far, the strongest
chemical interaction that occurred at the interface of polyaniline was
anion exchange. This result was observed consistently under all of the
conditions used. The only other interaction that was observed to differ
from the others was that with the non-polar amino acids and this only
occurred w h e n the polarity of the mobile phase had decreased to a
significant extent. Therefore, polyaniline is essentially an anion exchange
material. However, the anion exchange behaviour observed was unusual
in two ways. It was dependent upon the number of negatively charged
sites present in the solute species and also the distance separating these
sites seemed to be important. The magnitude of the charge was an
important factor as is the case with conventional ion exchangers, but the
repulsion of positively charged species, that usually occurs with anion
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exchange materials, was not observed, which was another unusual trait. It
was proposed that the main reason for these observations was the
chemical structure of polyaniline in which the positive charge is
delocalized over several molecules, rather than several atoms.
Consequently, it seems likely that the anion exchange interactions will be
strongest w h e n the opposing charges are most closely aligned.
The anion exchange behaviour was also observed to change
with the p H of the mobile phase, as would be expected with a basic
material like polyaniline. However, the change occurred in an unexpected
manner, as there was no sharp transition from the acid to the base form.
This supported the proposal that polyaniline has dynamic acid-base
properties that vary with p H . Thus, it was apparent that the anion
exchange properties of polyaniline were quite complex and very different
from those of conventional ion exchange materials.
A s reported in Chapter 5, inverse T L C was used with an
electrochemical chromatography approach in order to determine the
effect of applying a potential on the chemical properties of polyaniline.
The anion exchange properties of polyaniline were found to decrease in
strength with the application of a reducing potential, and increase in
strength with the application of an oxidizing potential, in a manner that
was close to being linear with the applied potential. A mechanism for this
was proposed in which the density of positive sites on the polyaniline
backbone varied with the applied potential as a result of the combination
of unusual features of the electrochemical cell and the restriction of
counterion movement through the inner layer of polyaniline.
The final type of interaction investigated, was the molecular
imprinting phenomenon for which polypyrrole was deemed to be the
most appropriate test material. N o direct evidence was able to be obtained
for the occurrence of this interaction. A number of different techniques
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for characterizing this interaction were used and reasons w h y they were
not successful were suggested. Inverse H P L C was proposed as the most
suitable method and an experimental approach was outlined, once again
based upon the molecular probe approach. This will provide a useful
foundation for further work in this area.
Overall, the results presented in this thesis have provided a
useful foundation for further investigations into the in-situ
characterization of chemical interactions that occur on conducting
polymers. Wilhelmy's plate technique has a particularly promising future
in this area, as there is so m u c h work yet to be done with conducting
polymers. The combination of this method with inverse chromatography,
whether it is as T L C or HPLC, will provide a great deal of information on
the chemical properties of materials like conducting polymers. The use of
molecular probes with these methods, in the different manners that have
been described in this thesis, will enable the interactions to be compared
qualitatively and, once sufficient data has been accumulated, to be
quantified, to some degree, as well.
This work, and that which follows it, will benefit the
development of applications that m a k e use of conducting polymers (and
materials of a similar nature) which seem destined to become as
ubiquitous as their more inert relatives with the technologies of
tomorrow.
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